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[Abstract] Alterations in diet and gut microbial ecology underlie the pathogenesis of type 1 diabetes
(T1D). In the non-obese diabetic (NOD) mouse, we found high concentrations of bacterial metabolites
acetate and butyrate in blood and faeces correlated with protection from disease. We reconstituted
germ free (GF) NOD mice with fecal bacteria from protected NOD mice fed with high acetate- and
butyrate-yielding diets, to test whether the transferred gut microbiota protect against the development
of T1D. GF NOD mice that received a microbiota shaped by high acetate- but not butyrate-yielding diet
showed a marked protection against diabetes. This fecal transplantation assay demonstrated the
potential for a dietary technology to reshape the gut microbiota that enables specific bacteria to transfer
protection against T1D.
Keywords: Gut microbiota, Bacteria reconstitution, Oral gavage, Germ-free NOD mice, Disease
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[Background] Changes in the gut microbiota have been observed in a wide variety of illnesses and
conditions. A dysbiotic gut microbiota loses homeostatic balance due to changes in the ratios between
commensal and pathogenic bacteria. Dysbiosis can be observed when there are large changes in the
makeup of the microbiota, with certain species increasing or decreasing in number (Clemente et al.,
2012; Rajilic-Stojanovic, 2013). Moreover changes in gut microbiota composition (which may affect
metabolites such as SCFAs) associate with many inflammatory diseases (Clemente et al., 2012),
including T1D (de Goffau et al., 2013; Endesfelder et al., 2014). For example, patients with, or people
who are predisposed to, autoimmune type 1 diabetes typically show a decrease in Firmicutes
abundance and an increase in their Bacteroidetes abundance (Giongo et al., 2011). In contrast, various
types of inflammatory bowel diseases (IBD), such as ulcerative colitis or Crohn’s disease show the
opposite (Frank et al., 2007; Spor et al., 2011). One possibility for treatment of T1D is the use of
beneficial bacteria, following their identification and successful trialing. For example, Lactobacillus
johnsonii isolated from diabetes resistant rats was able to prevent T1D development in the
spontaneous rat model of T1D (Valladares et al., 2010). Likewise, transfer of microbiota from male mice,
who are less prone to develop T1D, to female mice reduced their rates of T1D, which correlated with
changes in the mouse’s hormone levels (Markle et al., 2013). We used diets that reshape the gut
microbiota composition and induced the release of microbial short chain fatty acids (SCFAs). In this
study, we have demonstrated that particularly the SCFA acetate and butyrate reduced the onset of T1D
in NOD mice (Marino et al., 2017). We wanted to determine if the protective effect was coming directly
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from the bacteria, or by the produced microbial SCFA acetate or butyrate. We therefore have
developed a protocol to harvest the microbiota from diet-fed NOD mice, and transfer it to GF NOD mice,
so that we can examine the effects of the altered microbiota and its metabolites on the pathogenesis of
T1D.
Materials and Reagents
1. 1.7 ml microfuge tubes, autoclaved (Corning, Axygen®, catalog number: MCT-175-C)
2. Sterile Petrie dishes 35 x 10 mm (Corning, Falcon®, catalog number: 351008)
3. Sterile 5 ml screw top tubes (Techno Plas, catalog number: P5016SU)
4. Gloves
5. Donor SPF female NOD mice (NOD mice were derived from Monash Animal Research
Platform, Melbourne Australia)
6. Recipient germ free female NOD mice, pregnant (GF NOD mice were derived from Germ Free
Unit, Walter and Eliza Hall Institute of Medical Research)
7. Sodium chloride (NaCl) (Sigma-Aldrich, catalog number: S3014)
8. Potassium chloride (KCl) (Sigma-Aldrich, catalog number: P9541)
9. Sodium phosphate dibasic (Na2HPO4) (Sigma-Aldrich, catalog number: NIST2186II)
10. Potassium phosphate monobasic (KH2PO4) (Sigma-Aldrich, catalog number: NIST200B)
11. Ethanol (Merck, catalog number: 818760)
12. 10x phosphate-buffered saline (PBS) (see Recipes)
13. Sterile deoxygenated 1x PBS (see Recipes)
14. 70% ethanol (see Recipes)
Equipment
1. P1000 pipette (Eppendorf, catalog number: 3121000120)
2. Surgical tools
a. Fine Iris Scissors, delicate pattern, 11.5 cm straight (Fine science tools, catalog number:
91460-11)
b. Standard pattern forceps, 12 cm straight (Fine Science tools, catalog number: 11000-12)
c.

Standard pattern forceps, 12 cm curved (Fine Science tools, catalog number: 11001-12)

d. Gavaging needle, curved 20 G 38 mm (ABLE Scientific, catalog number: ASGN7910)
3. Laminar hood
4. Tissue homogeniser, IKA T10 basic model (IKA, model: T 10 basic), with S10N-5G Dispersing
element (IKA, model: S 10 N - 5 G)
5. Class II Biological safety cabinet
6. Autoclave
7. Tabletop centrifuge for 15 ml conical tubes (Eppendorf, model: 5810)
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8. Conventional mouse cages
Procedure
A. Donor mice preparation
1. Co-house donor SPF female NOD mice in the same cage or randomly swap them between
cages 3 times per week prior beginning diet treatment.
2. Repeat this procedure for 3 weeks prior to starting treatment with the diet.
3. Feed 10 week-old donor female NOD mice with diets for 5 weeks and collect fecal and cecal
contents at 15 weeks of age. The choice of diet is the variable being examined in this protocol,
to see if dietary effects work by altering the microbiota.
4. Collect faeces from all the donor mice within the diet group so as to more widely sample the
microbiotas present. For every two mice receiving gavages, collect the contents of one
mouse’s caecum. Because multiple microbiota collections and donations will occur during the
experiment, pooling the faeces samples from all the donor mice in a treatment group is
essential to maintain a consistent microbiota transfer.
B. Preparation of mixed cecal and fecal samples
1. Faeces collection
a. Place individual donor mice that had been fed diets for 5 weeks in a clean empty cage
under a laminar hood.
b. Collect pellets from the bottom of the cage immediately after they are produced by the
mouse, and place in a sterile 1.5 ml microtube containing 500 µl of sterile PBS at room
temperature (see Recipes).
2. Cecal content collection
a. Sacrifice Donor mouse according to ethical guidelines.
b. Before dissection, submerge mouse in 70% ethanol (see Recipes). Dissect the mouse and
collect the cecal content within Laminar hood to avoid external contamination. To do this
make a longitudinal incision through the skin and peritoneum of the mouse’s abdomen to
expose the peritoneal cavity.
c.

Remove the caecum by cutting it free from the small intestine and colon at the junction of
these organs with the caecum (see Figure 1), and place in a sterile Petri dish.
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Figure 1. Removal of caecum from mice. A. Cutting of the junction between the caecum
and the small and large intestines. B. Caecum after being removed.
d. Cut off the end of the caecum, and expel the contents into a sterile 5 ml tube containing 1
ml of PBS at room temperature. This is best achieved by using one pair of flat tweezers to
hold the caecum in the tube, and a second pair of rounded tweezers to push the contents
out into the tube (see Video 1).

Video 1. Removing caecal contents from the caecum
C. Sample preparation
1. Add the faeces in 500 µl of sterile PBS to the 5 ml tube containing the caecal contents in 1 ml
sterile PBS for a final volume of ~1.5 ml. Adjust with additional sterile PBS if below this volume.
2. Before homogenising samples thoroughly, clean the homogeniser by rinsing it in 70% ethanol
(see Recipes) for 1 min twice and in sterile PBS once.
3. Resuspend the faeces and caecal contents in the sterile PBS using the homogeniser.
4. Spin down the homogenate at 805 x g (RCF) for 10 min at room temperature to pellet and
remove solid material, and collect the supernatant which will contain the bacteria.
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D. Oral gavage
1. Diluted homogenates from donors will be administered directly into the stomach of the recipient
mice via oral gavage. The diluted cecal content does not generate any risk to the animal’s
wellbeing as mice normally eat their own faeces.
2. Firstly the animal is firmly restrained to immobilize the head. The mouse is kept in an upright
(vertical) position and the gavage needle is gently passed through the side of the mouth,
following along the roof of the mouth and is advanced through the oesophagus and toward the
stomach. It is important to note that the entire length of the needle must be inserted into the
mouse, this will confirm that the needle has entered the oesophagus not the trachea.
3. After the needle is passed to the correct length, the microbiome will be injected. Mice don’t
need to fast and volumes administered will not exceed 10 ml/kg in mice. If the animal shows
any signs of distress after administration begins, the procedure should stop and the needle
should be withdrawn immediately. If it appears that material has been injected into the lungs (if
the animal shows signs of choking), then the animal should be euthanized. Recipient mice are
left to rest for the next 24 h.
4. Reconstitute the recipient GF mice with 200 μl of the homogenate supernatant via oral gavage.
5. Recipient mice should be observed for no less than 15 min after procedure, and each day for
the following two days after the procedure for signs of pain or distress, such as gasping,
bleeding or frothing at the mouth. If any of these signs are observed, the mouse should be
humanely euthanized.
6. After gavage the pregnant GF Recipient Females will then be left alone with ‘Do Not Disturb’
cards for 2 days and will be housed in clean, autoclaved cages, using sterile food, water and
bedding. To handle the GF recipient mice use double gloves and perform all work in a laminar
hood. The oral gavage needs to be performed by a person experienced in the technique as it is
important to be very delicate to avoid disrupting the mother, leading her to kill her pups.
7. Inoculate pregnant germ-free NOD female recipient mice with a first oral dose of bacterial mix
at the embryonic stage E(13) of pregnancy (measured from observation of plug), and a second
oral gavage when pups are 2 weeks-old.
8. Pups will be ready to be weaned at 21-24 days of age, and placed on normal chow and normal
water. Similar to their mothers, 3-4 weeks old pups will receive two gavages with the donor
microbiota, one day apart.
9. Once the pups from the recipient mother’s are past their treatment period, they will be
monitored for diabetes onset for up to 30 weeks of age. Diabetes assessment will be done by
checking the blood glucose levels, with recordings above 12 mmol/L recorded on two
consecutive days considered diabetic as previously described (Marino et al., 2009), and
compared between groups. Examples of the results can be found in (Marino et al., 2017)
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Notes
1. Due to the nature of the experiment, focusing on transferring the microbiota as accurately as
possible from the donor to the recipient it is necessary to make as effort as possible to avoid
external contamination. All collection tubes and media should be autoclaved, samples handled
in sterile environments and all mice work conducted under the hood.
2. Donor mice should be matched to the age and gender of the recipient mice to minimize other
variables causing differences in the microbiota beyond diet.
3. The co-housing of the donor mice prior to the beginning of the experiment is important to
standardize the microbiota of all the mice before the diets are added to alter the microbiota in a
specific way.
4. Collection of fresh donor material on the day of the donation is highly recommended as storage
of the microbiota may lead to altered bacterial populations being present. Storage in the fridge
may lead to some species growing, while others remain static, leading to the relative
abundances to no longer represent the environment in the gut. Likewise, storage in a freezer
may lead to bacterial death, again altering relative populations.
5. It is ideal to maintain anaerobic conditions whilst handling the samples, but maintaining this
during the experiment is impractical. We took as many practical steps as possible, such as
using freshly autoclaved PBS and minimization of the lengths between sample collection and
gavage, to try to minimize obligate anaerobes dying off.
6. We found performing multiple gavages of the desired microbiota helped ensure that the desired
microbiota was efficiently transferred as accurately as possible. Because of this, the mixing of
faeces samples from the donor groups is important to keep the transferred microbiota
consistent.
7. Assessment of the oral gavage after it has been performed could be done by collecting and
culturing faeces from the mice post gavage to see if the formerly GF mice now have bacteria
present. However, the best way to determine the success of the gavage is by analysis of the
recipient microbiota in comparison to the donor samples through next-gen sequencing.
Recipes
1. 10x phosphate-buffered saline (PBS)
80 g NaCl
2 g KCl
14.4 g Na2HPO4
2.4 g KH2PO4
Prepare 10x PBS by resuspending all ingredients in distilled water to make up to 1 L
Dilute 10x PBS with distilled water to make 1x PBS
Autoclave 1x PBS to sterilize and deoxygenate PBS fresh for the experiment
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2. 70% ethanol
Dilute 99% analytical grade ethanol in distilled water to 70% concentration
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