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Abstract
In this study, the effect of bile acid concentration on the gut microbiome of squirrel ceca
was studied. During the periods of hibernation in which an animal is fasting and has decreased
metabolic activity, bile acid concentration changes significantly. Gut microbiome composition
can change due to various factors, and changes in bile acid concentration may be one of those
influencing factors. Agar plates were made with a variety of different concentrations of bile
acids. Cecal content samples from squirrels before and during torpor were inoculated onto the
plates. The results of the fall samples showed significant growth inhibition with increased bile
acid concentration. The results for the torpor samples were inconclusive. The relationship
between the gut microbiome and bile acids can be further explored by continued testing with
more samples and identification of the microbial species.

Introduction
Bacteria are the most abundant organisms on Earth.1 Although these life forms tend to be
microscopic in size and relatively simple, they play a very impactful role in a large number of
important daily processes. Their influence ranges from nutrient recycling, energy conversion,
fermentation, and more.2 Bacteria are essential to every aspect of life, including that of larger
living species such as humans and animals. In fact, there are almost ten times more bacteria cells
inhabiting our body than our own human cells.3
The majority of the bacteria reside in our digestive system. Gut microbiomes are unique
and differ based on a variety of genetic and environmental factors.4 However, every microbiome
forms a mutualistic relationship with the body due to the benefits received by both organisms.
The digestive system of the animal provides the bacteria with an ideal environment and
necessary resources to grow and reproduce. In return, the gut microbiome performs functions
that our body cannot, including developing our immune system and digesting indigestible
substances.5
An important characteristic of the gut microbiome is its ability to alter its composition
over time. These shifts can be caused by age, dietary changes, diseases, and more.4 The gut
microbiome is a flexible community of bacteria that evolves to meet the host organism’s needs at
that time. The Sieber lab explores these microbe-host interactions during a time in which the gut
microbiome must be altered due to extreme lifestyle changes: hibernation.
Hibernating species follow a circannual cycle of feeding and fasting. The fall is a period
of high activity as they consume large amounts of food and accumulate extra energy stored as fat
deposits in preparation for winter. During winter, they enter torpor, a period of metabolic
depression resulting in low body temperatures, with interbout arousal, or short increases in
temperature and metabolism, every 7-10 days. In spring, the metabolic function is returned to
normal and the animals begin to feed again.6
During hibernation, the host is fasting which leads to an immense decrease in the amount
of nutritional substance. However, this is only a part of hibernation. By entering a state of torpor,
they reduce their metabolic rate, body temperature, and activity levels, including gastrointestinal

functions, in order to conserve energy.7 Despite these extreme physical changes and living
conditions that are a part of hibernation periods, the gut microbiome remains healthy and
functioning. This brings up the question of how microbial communities are affected in such
animals.
In the Sieber lab, ground squirrels are used to study the effects of hibernation, fasting,
and depressed metabolic states on gut microbes. The cecum is one of the featured digestive
organs studied as it harbors the majority of the microbes that grow in the ground squirrel’s
intestinal tract.8
During the fasting period of torpor, the squirrels rely solely on fat metabolism.9 Bile acids
play a significant role in facilitating the absorption of dietary fats.10 Prior research conducted by
the Sieber Lab has dealt with bile acid composition during different periods in the circannual
cycle of the ground squirrel, with the results showing significant changes in the composition and
concentration of bile acid in the cecum. We hypothesize that the changes in bile acid
concentrations are one of the factors influencing the shifts in gut microbiome during the different
periods of hibernation.

Methods
Agar plates were poured using BBL Schaedler Agar according to the specified protocol.
The media powder and the appropriate amount of water were mixed via a stir bar and sterilized
in the autoclave. The agar was cooled and poured into sterile Petri dishes. Supplemented agar
plates were created using the same technique as the control plates with the addition of different
amounts of bile acids to produce agar plates with the following bile acid concentrations: 0.1%,
0.5%, 1%, and 2%.
Samples of cecal contents of ground squirrels from the four different seasonal time points
across the circannual cycle were previously collected by the Sieber Lab. For this experiment,
only samples from the fall active and torpor time points were used. The cecal samples used were
from a batch collected in 2017 and kept frozen in an ultra-low temperature laboratory freezer.
Three samples from each time point were selected:
Fall samples: 005, 011, 023
Torpor samples: 003, 009, 010
The samples were thawed and diluted stepwise via a ten-fold serial dilution. Each sample
was diluted to a 1:10,000,000 or 10-7 dilution of the original sample. The 10-4, 10-5, and 10-6
dilutions were selected for inoculation. Using an L-shaped cell spreader, 100 μL of the sample
was spread evenly over the entire surface of the plate. This was done for each of the three
specified dilutions for all three samples from both time points. The inoculated plates were then
incubated anaerobically.
After incubating, the plates were observed and the bacterial growth was documented.
Then the technique of replica plating was used to inoculate the same colonies and spatial pattern
of microorganisms on the plates with differing bile acid concentrations. A velveteen-covered
disk was pressed into each original plate to pick up the bacteria, which was then imprinted onto
the secondary plates. Not every original plate was used to perform replica plating for all four of
the bile acid concentrated plates, 1-2 promising dilutions were chosen to replicate and test for
each sample. Similar to the original 0% bile acid plates, the concentrated plates were inoculated
and the bacterial growth was then observed and documented.

Results
The first stage of the experiment involved introducing the cecal contents from frozen
samples to the control agar plates containing 0% bile acids. Table 1 shows the resulting growth
of the three fall samples following incubation.
Table 1. Bacterial growth of various dilutions of fall cecal samples on 0% bile-acid concentrated agar plates.

Sample

8

10

33

10-4
Dilution

10-5
Dilution

10-6
Dilution

The microbiome of the gut includes a diverse spectrum of microorganisms including
bacteria, archaea, and fungi. While the exact species of the microbes grown were not sequenced

for identification, it is clear that the plates hold a variety of different microorganisms. The
differences in composition between the three samples support the idea that the exact contents of
the gut microbiome are personally unique to each individual.
The serial dilutions were performed in order to decrease the microbial growth to obtain a
reasonable concentration for observation and replication. For all three of the samples, the
microbial concentration and variety decreased significantly with every dilution. The 10-4 dilution
of sample 8 was chosen for replica plating, while the 10-5 dilution was chosen for samples 10 and
33. The specific dilutions were chosen for having a moderate amount of microbial growth.
Similar to Table 1, Table 2 shows the resulting growth of the three torpor samples
following incubation.
Table 2. Bacterial growth of various dilutions of torpor cecal samples on 0% bile-acid concentrated agar plates.

Sample

10-4
Dilution

10-5
Dilution

3

9

10

10-6
Dilution

Similar to the fall samples, the torpor samples include a diverse spectrum of
microorganisms. The torpor growth appeared to have less variety than the fall growth, but formal
sequencing and identification were not conducted. All three samples resulted in a mix of small
punctiform colonies of bacteria and larger circular fungi.
Throughout the serial dilutions, the fungi prevalence did not follow a pattern, as it
jumped a dilution in sample 3, showed up later in sample 9, and remained constant in sample 10.
The dilutions did however decrease the bacterial growth of the punctiform colonies significantly,
which is reflected in all three samples. As done previously with the fall samples, specific
dilutions were chosen based on growth for replica plating. The 10-4 dilution of sample 10 was
chosen, while the 10-5 dilution was chosen for samples 3 and 9.
The second stage of the experiment involved replica plating. Using the stamp technique,
bacterial colonies were transferred from the control 0% bile acid agar plates to the concentrated
ones. This was not done with every dilution of the three samples for both time periods, but
instead, one dilution was chosen for each based on growth and contamination. Table 3 shows the
results of the three fall samples growing on progressive concentrations of bile acids. Table 4
displays the colony-forming units per gram of each of the plates and Figure 1 shows the trend
across bile acid concentration.
Table 3. Bacterial growth of fall cecal samples on agar plates with various bile-acid concentrations.

Sample

8

10

33

Dilution

10-4

10-4

10-5

0%

0.1%

0.5%

1%

2%

Table 4. CFU/g of the fall cecal samples on agar plates with various bile-acid concentrations.

Sample

Fall 8

Fall 10

Fall 33

Bile Acid Concentration

CFU/g

0%

7.78E+08

0.1%

1.14E+07

0.5%

1.11E+07

1%

0.00E+00

2%

1.08E+05

0%

2.42E+07

0.1%

3.46E+06

0.5%

3.03E+06

1%

4.85E+06

2%

0.00E+00

0%

2.66E+07

0.1%

1.48E+07

0.5%

8.87E+06

1%

0.00E+00

2%

1.03E+07

Figure 1. Graphs of CFU/g of fall cecal samples on agar plates with various bile-acid concentrations. The order of samples from
top to bottom is as follows: 8, 10, 33. A linear trendline was included along with the trendline equation.

For sample 8, the decrease in microbial growth with each increase in bile acid
concentration is significant. The 0% bile acids concentration allowed for the most growth, while
subsequent plates with greater bile acid concentration had far less growth. The CFU/g of each

plate decreased with increasing bile acid concentration except for the plate containing 2% bile
acids, which saw an increase from the 1% plate. Overall, the decreasing trendline is significant.
For sample 10, the microbial growth also declined with increasing concentrations of bile
acids. However, the decrease was less linear than the previous sample. The growth was fairly
concentrated and diverse up until the most concentrated plate containing 2% bile acids, in which
the growth was significantly reduced in comparison. Similar to sample 8, there was one outlier
that did not follow the trendline. The 1% bile acid concentration plate had a slightly higher
CFU/g than the previous 0.5% bile acid concentration plate. However, the decreasing trendline is
still significant.
The growth results of sample 33 also showed a declining pattern with increasing bile acid
concentration. All of the samples followed this pattern except for the 2% bile acid concentration
plate, which resulted in a higher CFU/g than the plates containing 0.5% and 1% bile acids. This
resulted in a less significant trend than the other two samples.
Similar to the fall samples, Table 5 shows the results of the three torpor samples growing
on progressive concentrations of bile acids. Table 6 displays the colony-forming units per gram
of each of the plates and Figure 2 shows the trend across bile acid concentration.
Table 5. Microbial growth of torpor cecal samples on agar plates with various bile-acid concentrations.

Sample

3

9

10

Dilution

10-5

10-5

10-4

0%

0.1%

0.5%

1%

2%

Table 6. CFU/g of the torpor cecal samples on agar plates with various bile-acid concentrations.

Sample
Torpor 3

Bile Acid Concentration

CFU/g

0%

4.61E+06

0.1%

4.21E+06

Torpor 9

Torpor 10

0.5%

2.76E+06

1%

2.63E+06

2%

3.03E+06

0%

5.73E+07

0.1%

1.29E+08

0.5%

1.68E+08

1%

1.48E+08

2%

1.50E+08

0%

4.43E+06

0.1%

3.44E+06

0.5%

5.41E+06

1%

6.56E+06

2%

4.75E+06

Figure 2. Graphs of CFU/g of torpor cecal samples on agar plates with various bile-acid concentrations. The order of samples
from top to bottom is as follows: 3, 9, 10. A linear trendline was included along with the trendline equation.

For sample 3, there is a distinct bacterial growth that remains fairly consistent in pattern
and growth throughout the varying bile acid concentrations. While the larger circular fungi
disappear for bile acid concentrations stronger than 0.1%, the smaller punctiform colonies persist
in all concentrations. Overall, a significant decreasing relationship exists among the
concentrations. The only outlier is the 2% bile acid concentrated plate which had a slightly
greater CFU/g than both the 0.5% and 1% concentrated plates.
Unlike the previous sample, the growth of sample 9 resulted in a positive trendline, which
represents increasing CFU/g with increasing bile acid concentration. Similar to sample 3, it has
punctiform colonies that have remained fairly consistent throughout. The pattern is not as
uniform as some of the other samples, as the first three concentrations show a distinct increase in

CFU/g, the fourth concentration results in a decrease in CFU/g, and the fifth and final
concentration had a slight increase in CFU/g once again but not to the level of the third
concentration. Despite this, the trendline still shows an overall increase in microbial growth with
increased bile acid concentration.
For sample 10, the results were similar to sample 9. Like both of the other torpor
samples, the microbial growth is split into larger circular fungi and smaller punctiform colonies.
The growth seemed to not follow a uniform pattern in conjunction with the bile acid
concentration, as the CFU/g measurements decrease, increase, and then decrease again with
increasing concentration. However, overall a positive trendline of increasing CFU/g with
increasing bile acid concentration resulted. The pattern was less significant than that of sample 9
due to less uniformity in the pattern of CFU/g measurements.

Conclusion
Overall, the results were of the fall samples were consistent and the results for the torpor
samples were inconsistent. All three of the fall samples showed a significant antiproportional
relationship between microbial growth and bile acid concentration. This can be seen by the
negative trendline on the CFU/g vs bile acid concentration plots. However for the torpor
samples, one showed an antiproportional relationship similar to the fall results and two showed a
proportional relationship between microbial growth and bile acid concentration.
From these results, we can conclude that bile acid concentration does affect the gut
microbiome growth during the pre-torpor fall season. However, no definite conclusion can be
made regarding how bile acid concentration affects the gut microbiome during periods of torpor.
Some of the variation in the torpor results might be due to the different types of
microorganisms on each plate. The next step would be to isolate a few significant microbes from
each plate to isolate, sequence, and identify. This will provide more information on any
qualitative changes to the microbial composition that is beyond appearances and quantitative
changes.
Further testing to identify the specific microbial species is one way to continue to explore
the relationship between the gut microbiome and bile acids. Another future step is to replicate the
experiment with more samples to get a wider pool of data comparing fall and torpor microbial
communities. In addition to plating more samples, the experiment can also be continued by
including samples from the other time periods. This could give more insight into changes
throughout the whole circannual cycle.
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