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Abstract

Segmented filamentous bacteria (SFB) are thought to play a role in small intestine immunological maturation. Studies in wean-
ling mice have shown a positive correlation between ileal SFB abundance and plasma and faecal interleukin 17 (IL-17) and 
immunoglobulin A (IgA) concentrations. Although the first observation of SFB presence was reported in rats, most studies use 
mice. The size of the mouse ileum is a limitation whereas the rat could be a suitable alternative for sufficient samples. Changes 
in SFB abundance over time in rats were hypothesized to follow the pattern reported in mice and infants. We characterized the 
profile of SFB colonization in the ileum tissue and contents and its correlation with two immune markers of gastrointestinal 
tract (GIT) maturation. We also compared two published ileum collection techniques to determine which yields data on SFB 
abundance with least variability. Whole ileal tissue and ileal mucosal scrapings were collected from 20- to 32- day- old Sprague- 
Dawley rats. SFB abundance was quantified from proximal, middle and distal ileal tissues, contents and faeces by quantitative 
PCR using SFB- specific primers. Antibody- specific ELISAs were used to determine IL-17 and IgA concentrations. Significant 
differences in SFB abundance were observed from whole and scraped tissues peaking at day 22. Variability in whole ileum data 
was less, favouring it as a better collection technique. A similar pattern of SFB abundance was observed in ileum contents and 
faeces peaking at day 24, suggesting faeces can be a proxy for ileal SFB abundance. SFB abundance at day 26 was higher in 
females than males across all samples. There were significant differences in IgA concentration between days 20, 30 and 32 and 
none in IL-17 concentration, which was different from reports in mice and infants.

INTRODUCTION
The identification of segmented filamentous bacteria (SFB) 
naturally occurring in invertebrates [1] and vertebrates [2–5] 
over 150 years ago [1] created an interest in these microbes. 
They are Gram- positive, spore- forming, facultative anaerobic 
commensals, which attach selectively to the mucosa of the 
terminal ileum [6–8] overlying Peyer’s patches, where naïve 
T cells undergo antigen- driven activation and expansion 
to yield T helper cells [9, 10]. The current literature reports 
that SFB mainly reside in the ileum [6, 11, 12] rather than 
the large intestine with the absence of Peyer’s patches in the 
large intestine [13] possibly contributing to this. Additionally, 

the selective colonization of the ileum mucosa by SFB might 
be explained by their ability to survive the microaerophilic 
conditions present in the ileum [14, 15]. The investigation 
into their effects during postnatal development has given 
insight into a symbiotic relationship with the host, primarily 
due to their suggested link with markers of immune matura-
tion of the small intestine [16–20].

Commensal and pathogenic bacteria are known to modulate 
the abundance and activity of many immune markers of the 
maturation of the GIT. Both beneficial and detrimental effects 
on the host have been reported [21–24], and this is also the 
case for SFB. For instance, in adulthood, the abundance of 

OPEN

ACCESS

https://acmi.microbiologyresearch.org/content/journal/acmi/
https://creativecommons.org/licenses/by/4.0/deed.ast


2

Oemcke et al., Access Microbiology 2021;3:000218

SFB in stool samples has been positively associated with 
autoimmune and inflammatory bowel disease [11, 25, 26]. 
Studies have reported SFB to induce the production of the 
pro- inflammatory cytokine interleukin 17 (IL-17) in plasma 
[16–19, 27], and the antibody immunoglobulin A (IgA) in 
ileal contents and faeces of 4–6- week- old mice [20, 28, 29]. 
They also reportedly cause a weak inflammatory response in 
adult mice and children between 6 months and 15 years of 
age [16–19, 27]. The dampened response might be due to the 
lack of clostridial virulence- related genes [30] or absence of 
gene- encoding sortase, the enzyme that mediates anchoring 
of most cell- wall proteins in some pathogenic Gram- positive 
bacteria [31], from the SFB genome. Further to that, benefits 
of SFB have been suggested, including type 1 diabetes protec-
tion in adult non- obese diabetic mice involving IL-17 [32] 
and prevention of rotavirus infection in adult mice though 
independent of immune cell involvement [33].

The SFB were initially observed by microscope in the ileum 
tissue of rats [34], though most published studies on SFB 
have been performed in mice [2, 17, 18, 20, 30, 35–37]. It is 
unclear whether SFB in rodents are detectable prenatally up to 
2 weeks postnatally. SFB appear about 3 weeks postnatally in 
mice and rats [20], increase at weaning [38], peak then plateau 
about 4 weeks later [20, 27, 39], highlighting their transient 
colonization profile. SFB may, therefore, provide benefits 
primarily around weaning, likely preventing overstimulation 
of the immune system later in life.

There are also technical limitations in the quantification of 
SFB. In vitro studies have been challenging as these microbes 
thrive in environments of low to no oxygen concentrations 
while requiring an attachment to epithelial cells that need 
oxygen [14, 40]. Human infant studies rely on faecal samples 
as a proxy of ileal abundance, as there are ethical challenges 
associated with obtaining ileal samples. Mice have been the 
most frequently used animal model to study SFB pre- and 
post- weaning, though this is not without challenges; for 
example, obtaining enough ileal tissue and content samples 
for accurate SFB quantification and conducting multiple 
analyses to characterise its effects on the host.

Two methods for obtaining ileal samples for SFB quantifica-
tion have been described in the published literature [2, 20, 41]. 
Ericsson et al. [2] attempted to create pure inocula of SFB 
by developing a cost- effective method of isolating SFB from 
complex microbes in the ileum. Using an aseptic technique, 
they rinsed the distal ileum of 2–3- day- old SFB- positive 
Balb/c mice. The ileal tissue was cut longitudinally exposing 
the mucosa, which was then scraped with a sterile scalpel 
blade. The scrapes contained epithelial cells, and mucosa- 
associated bacteria (including SFB) were then transferred into 
sterile media. Ohashi et al. [20] used a grinding method [41] 
to collect ileum tissue along with mucosa- associated bacteria. 
This method involves grinding whole tissue with a pestle and 
mortar on ice then transferring the ground up tissue into a 
buffer for DNA extraction.

Therefore, the study hypothesis was that changes in SFB 
abundance in ileal tissue and contents over time in rats would 

have a similar pattern to that reported in mice and infants. 
A weanling rat model was used to evaluate the profile of SFB 
colonization and some markers of immune maturation of 
the ileum pre- and post- weaning. Two techniques used in 
published studies for collecting ileum tissue samples for SFB 
quantification, ileal mucosal scraping [2] and whole tissue 
grinding or homogenization [41], were compared to deter-
mine whether one technique would yield better results with 
reduced variability. Following the use of these two techniques, 
the abundance of SFB was quantified by quantitative PCR 
(qPCR), and IL-17 and IgA concentrations by ELISA.

METHODS
Rat experiment
The study was approved by the AgResearch Limited Grass-
lands Animal Ethics Committee (Animal Ethics Application 
No: 14485) under the recommendations of the New Zealand 
Animal Welfare Act 1999.

Conventionally raised Sprague- Dawley rat pups (male and 
female) were used. Eight pregnant Sprague- Dawley dams 
were obtained from AgResearch Ruakura (Hamilton, NZ) and 
transported to AgResearch Grasslands (Palmerston North, 
NZ) at 15 days of gestation. They were maintained at 21 °C and 
provided with a commercial rodent diet (Meat Free Rat and 
Mouse Diet, Specialty Feeds, Australia) and water ad libitum. 
The dams were individually caged under dark and light cycles. 
Five litters were birthed on the first day, two litters on the 
second day and one litter on the third day. All dams and pups 
were maintained at 21 °C. The pups were weaned on day 21, 
and the dams were removed from the birth cages.

Ninety- two pups (57 females and 35 males) were evenly 
distributed across time- points. The pups were randomized 
into seven time- points: 20, 22, 24, 26, 28, 30 and 32 days after 
birth (n=13 for day 20, n=14 for others). They were identi-
fied by ear- punching at day 19 to meet the welfare norms 
for this procedure. The pups remained in their birth litters 
throughout the experiment to avoid interaction among 
animals from different litters which would influence the gut 
microbiota of the pups. All dams and pups were checked daily, 
weighed once a week, and fresh food and water topped up as 
required. Their General Health Score (GHS), which ranges 
from 5 (healthy) to 1 (requires euthanization) was checked 
daily, and the rats with a GHS of 3 or 4 were closely moni-
tored. If their condition deteriorated, they were euthanized 
by intraperitoneal injection with pentobarbitol. All rats had 
a GHS of 5 throughout the study.

Sample collection
At each sampling time point, the pups were euthanized 
by asphyxiation with carbon dioxide in an individual cage 
followed by cervical dislocation. Blood was drawn by cardiac 
puncture into a needle coated with Ethylenediaminetet-
raacetic acid (EDTA) (Invitrogen; Thermo Fisher Scientific). 
The blood samples were centrifuged at 2000 g for 10 min 
at 4 °C, and the supernatant (plasma) was pipetted into 



3

Oemcke et al., Access Microbiology 2021;3:000218

cryotubes and snap- frozen in liquid nitrogen before storage 
at −80 °C for later analysis. Faecal samples were collected from 
the terminal colon or rectum post- mortem and snap- frozen 
in liquid nitrogen and stored at −80 °C for DNA extraction. 
The distal portion of the ileum adjacent to the caecum was 
cut into three sections of 3 cm each. The ileal contents from 
each section were collected separately. The ileal tissue sections 
were then cut open longitudinally and down the middle into 
two pieces. The top sections of the tissue were collected as 
whole tissue. The bottom sections were each scraped three 
times with a plastic tissue scraper in the same direction 
using a similar amount of force to decrease variability in the 
sample weights (Fig. 1). The scrapings and whole tissues were 
collected into cryotubes and snap- frozen in liquid nitrogen 
and stored at −80 °C for DNA extraction.

Sample preparation and genomic DNA extraction
Genomic DNA was extracted from the whole and scraped 
ileum tissue samples using the Qiagen AllPrep DNA/RNA/
Protein Mini Kit according to the manufacturer’s instructions. 
Before DNA extraction, both tissue samples were disrupted 
using a tissue homogeniser (Omni International TH, Georgia, 
USA). The homogenizer probe was cleaned with two different 
solutions of 70 % ethanol, 100 % ethanol and distilled water 
between each sample to prevent cross- contamination. DNA 
was extracted from ileal contents and faeces using the Nucle-
oSpin Soil extraction kit (Macherey- Nagel) according to the 
manufacturer’s instructions. These samples were vigorously 
agitated in a bead beater to release the DNA from the SFB 
intracellular contents and spores. The concentration and 
purity of DNA from ileum tissue, ileum contents and faeces 
were measured using a Nanodrop ND-1000 Spectropho-
tometer (Analytical Technologies, Thermo Fisher Scientific, 
MA, USA). A ratio of 1.8 was considered acceptable for pure 
DNA. The DNA samples were then ready for quantification 
by qPCR.

QuantitativePCR to quantify SFB
An optimized protocol based on the one from the Franklin 
Laboratory in St. Louis, Missouri, USA (personal communi-
cation) was utilized for the qPCR analysis. A standard curve 
was generated using a recombinant plasmid DNA containing 
the SFB 16S rRNA gene fragment (Integrated DNA technolo-
gies). The master mix consisted of 5 µl of KAPA SYBR Green I, 
0.2 µl of Rox low reference dye (Sigma- Aldrich), 0.2 µl each of 
forward and reverse primers (Integrated DNA Technologies), 
and 3.4 µl of nuclease- free water (Invitrogen). To this mix, 1 µl 
of the recombinant plasmid DNA (positive control), 1 µl of 
nuclease- free water (negative control) or 1 µl of sample DNA 
(ileum tissue, contents, or faecal) were added for a total of 
10 µl in each reaction well on a 96- well plate. The technical 
replicates used were four each. The SFB primers were forward 
primer SFB 779F 5′- TGT GGG TTG TGA ATA ACA AT −3′, 
reverse primer SFB 1008R 5′- GCG AGC TTC CCT CAT 
TAC AAG G −3′ [42] (Integrated DNA technologies). The 
conditions in the Quantstudio 3D Digital PCR thermal cycler 
(Applied Biosystems; Thermo Fisher Scientific, MA, USA) 
included a hold stage at 95 °C for 3 min, the PCR Stage; 40 
cycles of denaturation at 95 °C for 3 min; annealing at 64 °C 
for 30 s; extension at 72 °C for 30 s. A melting- curve analysis 
using SYBR green was performed to determine the specificity 
of the PCR by slowly heating the mixtures from 55–95 °C for 
1 s, 60 °C for 30 s and 95 °C for 1 s. Duplicate negative controls 
were run to assess the specificity and to rule out contamina-
tion. Data were analysed, and the relative quantification (fold) 
of SFB DNA was performed using the ∆∆Ct method.

ELISA of immune markers
The concentrations of IL-17 in plasma and IgA in faeces from 
male and female rats were analysed using an antibody- specific 
Rat IL-17 ELISA Kit and Rat IgA ELISA Kit (Cusabio Biotech) 
according to the manufacturer’s instructions. A FlexStation 

Fig. 1. Schematic of how the ileum tissue was cut into three sections of 3 cm each. The ileum sections were measured up from the 
caecum, which borders the terminal end of the ileum. The sections were cut into 3 cm each, cut open and down the middle longitudinally. 
The top sections were collected as whole tissue samples. The bottom sections were scraped and used. Both whole and scraped tissue 
were homogenized before genomic DNA extraction. 1- proximal section, 2- middle section, 3- terminal section.
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3 Multi- Mode Microplate Reader (Molecular Devices, CA, 
USA) was used to determine the optical density (OD). The 
OD was measured at 450 nm, which was subtracted from 
540 nm to determine the final OD readings. Standard curves, 
used to change the raw data OD readings to concentrations, 
were created for IL-17 and IgA using Genstat (18th Edition). 
Linear and polynomial regressions were generated by plotting 
the mean absorbance for each standard against the concentra-
tion of plasma IL-17 and faecal IgA, respectively. The limit of 
detection for plasma IL-17 and faecal IgA was 0.05 ng ml−1 
and 0.88 ng ml−1, respectively.

Statistical analysis
A one- way ANOVA was performed in Minitab 18 to deter-
mine if there were any significant differences in the abundance 
of SFB and concentration of IL-17 and IgA over time between 
days 20–32 pre- and post- weaning. A two- way ANOVA 

was also performed to determine whether the interaction 
between sex and age influenced SFB abundance over time. 
The Ryan- Joiner’s (like Shapiro–Wilk) test and Levene’s test 
were used to verify that the data were normally distributed, 
and that homogeneity of variance was met. The data were 
log- transformed to meet the requirements of normal distri-
bution and homogeneity of variance. The one- way ANOVA 
was performed using the logarithm- transformed data. Where 
there was statistical significance, a post- hoc Tukey’s test was 
performed to show where the differences lay. Differences were 
considered statistically significant when the probability value 
was inferior to 0.05. An analysis of covariance (ANCOVA) 
was performed to determine whether the sex of the rats influ-
enced their weight gain with minimal effects from age. Weight 
gain was the response, sex was the explanatory factor, and age 
was the covariate (control variable).

Fig. 2. Abundance of SFB in the whole ileal tissue (a–c) and ileal mucosal scrapes (d–f) of conventionally reared Sprague- Dawley rat 
pups. Samples were collected from the proximal, middle and distal ileum. Data are plotted on a logarithm ten scale and are shown as 
the mean values of n=14 pups (20 days postnatally) and n=13 pups (22–32 days postnatally). The bars represent the sem. Values without 
common letters differ significantly P <0.05.
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RESULTS
Quantification of SFB
The initial data of the abundance of SFB were skewed, 
therefore, to meet conditions of normality the data were 
transformed and plotted on a logarithm ten scale. All figures 
with untransformed data are included in the Supplementary 
Material, available in the online version of this article. The 

abundance of SFB increased from weaning, peaked at PND 
22, and then plateaued (Figs  2a–f and S1a–f). Significant 
differences were observed in the temporal abundance of SFB 
in the proximal (Figs 2a and S1a) and distal (Figs 2c and S1c) 
sections of the whole ileum tissue from day 20, peaking at 
day 22 then decreasing from day 26, but not in the middle  

Fig. 3. The abundance of SFB in the ileal content (a–c) and faecal (d) samples collected from conventionally reared Sprague- Dawley rat 
pups. Samples were collected from the proximal, middle and distal ileum. Data are plotted on a logarithm ten scale and are shown as 
the mean values of n=14 pups (20 days postnatally) and n=13 pups (22–32 days postnatally). The bars represent the sem. Values without 
common letters differ significantly P <0.05.

Fig. 4. Comparison of the abundance of SFB in the proximal ileal 
content samples between female and male Sprague- Dawley rat pups. 
The rat pups were weaned on day 21. Data are plotted on a logarithm 
ten scale and are shown as the mean values of females (n=57) versus 
males (n=35). The bars represent the sem. Values without common 
letters differ significantly P<0.05.

Table 1. Mean±sem wt gain in grams (g) of pre- and post- weaning male 
and female Sprague- Dawley rats. The values represent weight gained 
between the initial weigh- ins (at postnatal days 15, 17, 18) and before 
sample collection from pups at all time- points. Compared to females, 
males gained more weight, and male pups were the heaviest at terminal 
sample collection. An ANOVA and post- hoc Tukey’s test showed there 
were significant differences in average weight gain in males among 
time- points 1–2, 4–6 and 7. There were significant differences in 
average weight gain in females at all time- points; P <0.05

Time- point Males Females

1 7.43±0.98d 7.00 ± 0.61g

2 16.92 ± 1.74cd 15.76 ± 1.08f

3 25.80 ± 2.61c 26.74±1.60e

4 44.48±2.41b 39.44±1.08d

5 56.20±3.56b 50.85 ± 2.86c

6 53.23±4.54b 60.27±2.58b

7 92.93±11.52a 74.56±1.72a
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(Figs 2b and S1b) section. For the scraped ileum tissue, signif-
icant differences were observed in the temporal abundance of 
SFB in the middle (Figs 2e and S1e) and distal (Figs 2f and S1f) 
sections from day 20, peaking at day 22 then decreasing from 
day 26, but not in the proximal (Figs 2d and S1d) section. In 
all cases, SFB abundance peaked at day 22 and then plateaued. 
There was less variability in SFB abundance in the proximal, 
middle and distal whole ileum tissue (Fig. 2a–c; average sem: 
2.71E-01; Fig. S1a–c; average sem: 1.84E-07) compared to that 
from the proximal, middle, and distal ileal scrapes (Fig. 2d–f; 
average sem: 3.18E-01; Fig. S1d–f; average sem: 6.10E-07). 
There were significant differences in the abundance of SFB 
in the proximal (Figs 3a and S2a) and middle (Figs 3b and 
S2b) section of ileal contents over time between postnatal 
days 20 and postnatal days 22, 24, 26, 28 and 32. There were 
no significant differences in SFB abundance in ileal contents 
from the distal (Figs 3c and S2c) section between day 22 and 
32.

There were significant differences in SFB abundance over 
time in the faeces (Figs 3d and S2d) increasing from day 20, 
peaking at day 24, then decreasing from day 28. The faecal 
SFB abundance peaked later at day 24 compared to the ileum 
tissue at day 22 though there were no significant differences.

There were significant differences in the interaction between 
sex and age on SFB abundance in the proximal ileum contents 
only. There was an unexpected difference in SFB abundance 
at day 26 between male and female pups. SFB abundance in 
males sharply decreased while in females, there was a gradual 
decrease until the plateau was reached at day 28 (Figs 4 and 
S3). The male pups also gained weight quicker than females 
(Table 1). There were significant differences in weight gain 
between males and females when age was used as a covariate.

Analysis of IgA and IL-17
The IgA and IL-17 data were transformed and plotted on a 
logarithm ten scale to meet conditions of normality. All figures 
with untransformed data are included in the Supplementary 
Material. There were significant differences in the concen-
tration of IgA in faeces (Figs 5a and S4a), which decreased 

postnatally from day 24 to 32. Tukey’s post- hoc test showed 
that there were differences in the faecal IgA concentration 
between days 20, 24 and days 30, 32. There were no significant 
changes in the concentration of IL-17 in plasma over time 
(Figs 5b and S4b).

DISCUSSION
This study shows that the abundance of SFB in ileum tissue 
and content of rats measured pre- and post- weaning was 
similar to the temporal profiles published in mice and 
infants of corresponding age [20, 39]. Here, the abundance 
of SFB increased post- weaning, peaked at days 22 and 24 
and decreased until a plateau was reached at day 26 until the 
last measurement on day 32. Other studies suggest that the 
abundance of SFB remains relatively constant after weaning 
throughout life [27, 39].

The results also showed that of the two tissue collection tech-
niques, whole tissue homogenization gave less variable tissue 
weights compared with mucosal scraping. SFB abundance 
data was similar to what has been reported [20]. Interest-
ingly, the SFB data from homogenization was less variable 
compared to the scraped data. High variability in the scraped 
data was likely partly due to scraped tissue sticking to the 
collection tools, thus decreasing the amount of tissue avail-
able. The fragility of the ileum at that age also made scraping 
of the tissue challenging, resulting in variable weights. Whole 
tissue homogenisation was, therefore, a simpler method of 
collecting ileum tissue samples from rats for analysis pre- and 
post- weaning.

The pattern of SFB abundance in the ileum tissue and contents 
overtime was also reflected in the faeces, suggesting faeces 
could be used as a proxy for SFB abundance in the ileum. The 
faecal SFB abundance peaked later at day 24 compared to the 
ileum tissue at day 22; abundance in the ileum would, there-
fore, be assumed to peak earlier. This non- invasive approach 
of using faeces aligns with the three Rs of animal research 
that include replacement, reduction and refinement, which 
utilize alternatives to terminal animal sampling, reduce the 

Fig. 5. Concentration of IgA (a) in faeces and IL-17 (b) in plasma of conventionally reared male and female Sprague- Dawley rat pups. 
The limit of detection for faecal IgA was 0.88 ng ml−1, and plasma IL-17 was 0.05 ng ml−1, respectively. Data are plotted on a logarithm ten 
scale and are shown as the mean values of n=13 pups (22–32 days) and n=14 pups (20 days). The bars represent the sem. Values without 
common letters differ significantly P <0.05.
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number of animals used and follow procedures that minimize 
pain and stress [43]. This alternative to terminal sampling to 
obtain ileal tissue content could be applied in time- series and 
intervention studies attempting to understand influences on 
SFB abundance caused by diet, disease, medication or ageing 
[11].

The significant difference in the interaction of sex with age 
indicates that SFB abundance in the proximal ileum contents 
over time is different in males and females. It suggests that 
this interaction may be present in the middle and distal ileum 
contents though a study with more statistical power would 
be required to make this conclusion. The abundance of SFB 
was unexpectedly different between females and males on 
day 26 only. This result may be a random difference in the 
rats sampled on that day. The observation also suggests that 
sex- based hormonal differences might influence SFB abun-
dance. It may result from physiological differences in GIT 
development between sexes [44] as the male pups gained 
weight quicker. Before puberty, oestradiol concentrations 
peak at day 15 in both sexes and remain low until day 39, 
while testosterone concentrations in both sexes remain low 
between days 1 and 19 then decrease between days 20 and 
30 [45, 46]. Rats reach puberty between days 30 and 42 in 
females and days 42 and 55 in males [47]. Sex hormones were 
not measured here, so it is unclear whether a change in their 
concentrations leading up to puberty might have influenced 
SFB abundance in the samples analysed. The abundance of 
SFB between sexes was not reported in a similar study, which 
involved six male and nine female mouse pups [20]. Thus far, 
our study is the only one that has reported this finding, which 
highlights the importance of considering gut microbiota 
changes between sexes.

In this study, there was no difference in the plasma concen-
tration of IL-17 from days 22 to 32. However, our previous 
(unpublished) results in mice showed differences in plasma 
concentration of IL-17 between days 18 and 41; the concen-
tration peaked at day 32. These results also contrast with 
literature reports of a positive correlation between ileal SFB 
abundance and plasma IL-17 production in adult mice 2 
to 3 weeks following SFB colonization [4, 16, 17]. Several 
plasma samples across all time- points measured here had 
IL-17 concentrations lower than the calculated detection 
threshold, increasing the variability in the data. At day 22, 
most of the rats had zero- readings, and no measurements 
were done after day 32.

The faecal concentration of IgA was variable from days 20 to 
28 then decreased until day 32. This result is in disagreement 
with other studies where faecal IgA concentrations reportedly 
increased only late post- weaning [20, 48]. Other studies showed 
that oral inoculation of SFB in older conventional and germ- free 
mice initially stimulates the production of IgA [48], with IgA 
later inhibiting SFB colonization [20, 49]. It is plausible that 
breastmilk IgA may have contributed to the high IgA concen-
trations found in the faecal samples at day 20, as observed in 
caecal contents of pre- weaned mice [20]. Other microbes may 
be involved, as they change in abundance around weaning, and 

are also known to stimulate production and secretion of IgA 
by immune cells [21, 23, 29]. The numerical drop of faecal IgA 
concentration at day 22 may have resulted from weaning on day 
21, then the increase at day 24 may have resulted from increased 
luminal IgA. A broader age range, with a later developmental 
stage, may give a clearer picture of how IgA concentration 
changes [20] as the duration of this study was short.

In conclusion, the results showed that the temporal profile of 
SFB colonization in the ileum tissue and content of weanling 
rats was similar to those published for mice and infants of 
corresponding age. Lower variability in whole ileal tissue data 
favours it as a preferred tissue collection technique. The data 
also show that faeces can also be used as a proxy for SFB abun-
dance in the ileum. The immune markers did not give similar 
results to those reported in mice and infants making it difficult 
to conclude on the influence of SFB on IL-17 and IgA. This 
indicates the importance of investigations on the temporal 
profile of SFB and their effects on IL-17 and IgA, particularly 
at weaning. The results may determine whether the studies 
are reproducible and contribute to current knowledge of SFB. 
The study model and results may also help guide the design of 
further studies investigating the perceived role of SFB on small 
intestine immunological barrier maturation.

Funding information
Linda A. Oemcke was supported by a PhD Fellowship from the Riddet 
Institute Centre of Research Excellence, funded by the Tertiary Educa-
tion Commission. The research was funded by the same grant.

Acknowledgements
Appreciation is given to AgResearch Grasslands, and Ruakura staff for 
providing the required facilities and materials for the work carried out. 
Thanks to the staff who provided technical assistance with the animal 
study; Charlotte Hurst, Hilary Dewhurst and Melanie Van Gendt and the 
AgResearch animal welfare officer; Susan Doohan. Thanks to Peter 
Green for assistance with statistics.

Author contributions
The experimental design was devised by R.C.A. and L.A.O. Animal work 
was undertaken by L.A.O. with assistance from C.H., H.D. and M.V.G., 
Laboratory work was undertaken by L.A.O. Statistical analyses were 
conducted by L.A.O. with assistance from P.G. All authors contributed to 
the preparation of the manuscript.

Conflicts of interest
The authors declare that there are no conflicts of interest.

Ethical statement
The study was approved by the AgResearch Limited Grasslands 
Animal Ethics Committee (Animal Ethics Application No: 14485) 
under the recommendations of the New Zealand Animal Welfare Act 
1999.

References
 1.  Leidy J. On the existence of entophyta in healthy animals, as a 

natural condition. Proc Acad Nat Sci Philadelphia 1849;4:225–233.

 2. Ericsson AC, Turner G, Montoya L, Wolfe A, Meeker S et al. Isolation 
of segmented filamentous bacteria from complex gut microbiota. 
Biotechniques 2015;59:94–98.

 3.  Klaasen H, Van der Heijden PJ, Stok W, Poelma FG, Koopman JP 
et  al. Apathogenic, intestinal, segmented, filamentous bacteria 
stimulate the mucosal immune system of mice. Infect Immun 
1993;61:303–306.

 4. Schnupf P, Gaboriau- Routhiau V, Cerf- Bensussan N. Host interac-
tions with segmented filamentous bacteria: an unusual trade- off 



8

Oemcke et al., Access Microbiology 2021;3:000218

that drives the post- natal maturation of the gut immune system. 
Semin Immunol 2013;25:342–351.

 5. Schnupf P, Gaboriau- Routhiau V, Sansonetti PJ, Cerf- Bensussan N. 
Segmented filamentous bacteria, Th17 inducers and helpers in a 
hostile world. Curr Opin Microbiol 2017;35:100–109.

 6. Ericsson AC, Hagan CE, Davis DJ, Franklin CL. Segmented fila-
mentous bacteria: commensal microbes with potential effects on 
research. Comp Med 2014;64:90–98.

 7. Liao N, Yin Y, Sun G, Xiang C, Liu D et al. Colonization and distribu-
tion of segmented filamentous bacteria (SFB) in chicken gastro-
intestinal tract and their relationship with host immunity. FEMS 
Microbiol Ecol 2012;81:395–406.

 8. Bohórquez DV, Bohórquez NE, Ferket PR. Ultrastructural develop-
ment of the small intestinal mucosa in the embryo and turkey poult: 
a light and electron microscopy study. Poult Sci 2011;90:842–855.

 9. Agace WW. T- cell recruitment to the intestinal mucosa. Trends 
Immunol 2008;29:514–522.

 10. Klaasen H, Koopman JP, Poelma FGJ, Intestinal BAC. Segmented, 
filamentous bacteria. FEMS Microbiology Letters 1992;88:165–179.

 11.  Finotti A, Gasparello J, Lampronti I, Cosenza LC, Maconi G et al. 
PCR detection of segmented filamentous bacteria in the terminal 
ileum of patients with ulcerative colitis. BMJ Open Gastroenterol 
2017;4:e000172.

 12. Caselli M, Holton J, Boldrini P, Vaira D, Calò G. Morphology of 
segmented filamentous bacteria and their patterns of contact with 
the follicle- associated epithelium of the mouse terminal ileum: 
implications for the relationship with the immune system. Gut 
Microbes 2010;1:367–372.

 13.  Jinturkar KA, Rathi MN, Misra A. Gene delivery using physical 
methods. Challenges in Delivery of Therapeutic Genomics and Prot-
eomics. Elsevier; 2011. pp. 83–126.

 14.  Schnupf P, Gaboriau- Routhiau V, Gros M, Friedman R, Moya- 
Nilges M. Growth and host interaction of mouse segmented fila-
mentous bacteria in vitro. Nature 2015;520:99–103.

 15. Friedman ES, Bittinger K, Esipova TV, Hou L, Chau L et al. Microbes 
vs. chemistry in the origin of the anaerobic gut lumen. Proc Natl 
Acad Sci U S A 2018;115:4170–4175.

 16. Ivanov II, Atarashi K, Manel N, Brodie EL, Shima T et al. Induction 
of intestinal Th17 cells by segmented filamentous bacteria. Cell 
2009;139:485–498.

 17. Goto Y, Panea C, Nakato G, Cebula A, Lee C et al. Segmented fila-
mentous bacteria antigens presented by intestinal dendritic cells 
drive mucosal Th17 cell differentiation. Immunity 2014;40:594–607.

 18. Lécuyer E, Rakotobe S, Lengliné-Garnier H, Lebreton C, 
Picard M et al. Segmented filamentous bacterium uses secondary 
and tertiary lymphoid tissues to induce gut IgA and specific T 
helper 17 cell responses. Immunity 2014;40:608–620.

 19. Yi J, Jung J, Han D, Surh CD, Lee YJ. Segmented filamentous 
bacteria induce divergent populations of antigen- specific CD4 T 
cells in the small intestine. Mol Cells 2019;42:228.

 20. Ohashi Y, Hiraguchi M, Sunaba C, Tanaka C, Fujisawa T et  al. 
Colonization of segmented filamentous bacteria and its interac-
tion with the luminal IgA level in conventional mice. Anaerobe 
2010;16:543–546.

 21. Wilmore JR, Gaudette BT, Gomez Atria D, Hashemi T, Jones DD et al. 
Commensal microbes induce serum IgA responses that protect 
against polymicrobial sepsis. Cell Host Microbe 2018;23:302–311.

 22.  Bevilacqua L, Ovidi M, Di Mattia E, Trovatelli LD, Canganella F. 
Screening of Bifidobacterium strains isolated from human faeces 
for antagonistic activities against potentially bacterial pathogens. 
Microbiol Res 2003;158:179–185.

 23. Cheikhyoussef A, Pogori N, Chen H, Tian F, Chen W et al. Antimicro-
bial activity and partial characterization of bacteriocin- like inhibi-
tory substances (BLIS) produced by Bifidobacterium infantis BCRC 
14602. Food Control 2009;20:553–559.

 24.  Collado MC, Gonzalez A, Gonzalez R, Hernandez M, Ferrus MA et al. 
Antimicrobial peptides are among the antagonistic metabolites 

produced by Bifidobacterium against Helicobacter pylori. Int J Anti-
microb Agents 2005;25:385–391.

 25.  Wu H- J, Ivanov II, Darce J, Hattori K, Shima T et al. Gut- residing 
segmented filamentous bacteria drive autoimmune arthritis via T 
helper 17 cells. Immunity 2010;32:815–827.

 26. Calasan J, Waldschmitt N, Ahmed MA, Metwaly A, Sarnaghi SK 
et al. Tu1858–segmented filamentous bacteria induce alternative 
Th17 differentiation and ileo- colonic crohn’s disease- like inflam-
mation. Gastroenterology 2019;156:S-1149.

 27. Chen B, Liu W, Bie S, Peng K, Shu X et al. Adherent bacteria in the 
terminal ileum of children correlates with increased Th17 cell acti-
vation and luminal secretory IgA. SSRN Journal 2019;3397178.

 28.  Snel J, Bakker MH, Heidt PJ. Quantification of antigen- specific 
immunoglobulin A after oral booster immunization with ovalbumin 
in mice mono- associated with segmented filamentous bacteria or 
Clostridium innocuum. Immunol Lett 1997;58:25–28.

 29. Talham GL, Jiang HQ, Bos NA, Cebra JJ. Segmented filamen-
tous bacteria are potent stimuli of a physiologically normal 
state of the murine gut mucosal immune system. Infect Immun 
1999;67:1992–2000.

 30. Prakash T, Oshima K, Morita H, Fukuda S, Imaoka A et al. Complete 
genome sequences of rat and mouse segmented filamentous 
bacteria, a potent inducer of Th17 cell differentiation. Cell Host 
Microbe 2011;10:273–284.

 31. Jonsson H, Hugerth LW, Sundh J, Lundin E, Andersson AF. 
Genome sequence of segmented filamentous bacteria present in 
the human intestine. Communications Biology 2020;3:1–9.

 32. Kriegel MA, Sefik E, Hill JA, Wu H- J, Benoist C et al. Naturally trans-
mitted segmented filamentous bacteria segregate with diabetes 
protection in nonobese diabetic mice. Proc Natl Acad Sci U S A 
2011;108:11548–11553.

 33. Shi Z, Zou J, Zhang Z, Zhao X, Noriega J et  al. Segmented fila-
mentous bacteria prevent and cure rotavirus infection. Cell 
2019;179:644–658.

 34.  Savage DC. Localization of certain Indigenous microorganisms on 
the ileal villi of rats. J Bacteriol 1969;97:1505–1506.

 35. Ivanov II, Frutos RdeL, Manel N, Yoshinaga K, Rifkin DB et  al. 
Specific microbiota direct the differentiation of IL-17- producing 
T- helper cells in the mucosa of the small intestine. Cell Host 
Microbe 2008;4:337–349.

 36.  Chen H, Yin Y, Wang Y, Wang X, Xiang C. Host specificity of 
segmented filamentous bacteria (SFB) flagellins affects their 
interaction patterns with mouse ileal mucosal proteins. Appl 
Environ Microbiol 2017.

 37.  Klaasen HLBM, Koopman JP, Van Den Brink ME, Scholten PM, 
Beynen AC. Influence of macronutrients on segmented filamen-
tous bacteria in the small intestine of mice. Microb Ecol Health Dis 
1991;4:47–51.

 38.  Thompson AL, Monteagudo- Mera A, Cadenas MB, Lampl ML, 
Azcarate- Peril MA. Milk- and solid- feeding practices and daycare 
attendance are associated with differences in bacterial diversity, 
predominant communities, and metabolic and immune function of 
the infant gut microbiome. Front Cell Infect Microbiol 2015;5:3.

 39.  Yin Y, Wang Y, Zhu L, Liu W, Liao N et al. Comparative analysis of the 
distribution of segmented filamentous bacteria in humans, mice 
and chickens. Isme J 2013;7:615–621.

 40. Eberl G, Bikard D, Schnupf P, Cerf Bensussan N, Gaboriau- 
Routhiau V et  al. Method of culturing segmented filamentous 
bacteria in vitro. Patent No. EP15830866. Munich, Germany: Euro-
pean Patent Office; 2017.

 41. Godon JJ, Zumstein E, Dabert P, Habouzit F, Moletta R. Molecular 
microbial diversity of an anaerobic digestor as determined by 
small- subunit rDNA sequence analysis. Appl Environ Microbiol 
1997;63:2802–2813.

 42.  Snel J, Heinen PP, Blok HJ, Carman RJ, Duncan AJ et al. Compar-
ison of 16S rRNA sequences of segmented filamentous bacteria 
isolated from mice, rats, and chickens and proposal of "Candidatus 
Arthromitus". Int J Syst Bacteriol 1995;45:780–782.



9

Oemcke et al., Access Microbiology 2021;3:000218

 43. Fenwick N, Griffin G, Gauthier C. The welfare of animals used in 
science: how the "Three Rs" ethic guides improvements. Can Vet J 
2009;50:523.

 44. Afonso- Pereira F, Dou L, Trenfield SJ, Madla CM, Murdan S et al. 
Sex differences in the gastrointestinal tract of rats and the implica-
tions for oral drug delivery. Eur J Pharm Sci 2018;115:339–344.

 45. Walker DM, Kirson D, Perez LF, Gore AC. Molecular profiling of 
postnatal development of the hypothalamus in female and male 
Rats1. Biol Reprod 2012;87:121–112.

 46. Döhler KD, Wuttke W. Changes with age in levels of serum gonado-
tropins, prolactin and gonadal steroids in prepubertal male and 
female rats. Endocrinology 1975;97:898–907.

 47. Ojeda SR, Andrews WW, Advis JP, White SS. Recent advances in 
the endocrinology of puberty. Endocr Rev 1980;1:228–257.

 48. Umesaki Y, Okada Y, Matsumoto S, Imaoka A, Setoyama H. 
Segmented filamentous bacteria are indigenous intestinal bacteria 
that activate intraepithelial lymphocytes and induce MHC class II 
molecules and fucosyl asialo GM1 glycolipids on the small intes-
tinal epithelial cells in the ex- germ- free mouse. Microbiol Immunol 
1995;39:555–562.

 49. Jiang HQ, Bos NA, Cebra JJ. Timing, localization, and persistence 
of colonization by segmented filamentous bacteria in the neonatal 
mouse gut depend on immune status of mothers and pups. Infect 
Immun 2001;69:3611–3617.

Five reasons to publish your next article with a Microbiology Society journal
1.  The Microbiology Society is a not-for-profit organization.
2.  We offer fast and rigorous peer review – average time to first decision is 4–6 weeks.
3.   Our journals have a global readership with subscriptions held in research institutions around  

the world.
4.  80% of our authors rate our submission process as ‘excellent’ or ‘very good’.
5.  Your article will be published on an interactive journal platform with advanced metrics.

Find out more and submit your article at microbiologyresearch.org.


	Whole tissue homogenization preferable to mucosal scraping in determining the temporal profile of segmented filamentous bacteria in the ileum of weanling rats
	Abstract
	Introduction
	Methods
	Rat experiment
	Sample collection
	Sample preparation and genomic DNA extraction
	QuantitativePCR to quantify SFB
	ELISA of immune markers
	Statistical analysis

	Results
	Quantification of SFB
	Analysis of IgA and IL-17

	﻿﻿Discussion
	References


