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SUMMARY Parkinson’s disease is the fastest-growing neurodegenerative disease
worldwide. Gut microbiome dysbiosis can precede the onset of Parkinson’s disease
symptoms by 20 years. The ketogenic diet has shown beneficial impacts as an intervention in
the treatment and modulation of the microbiome in Parkinson’s disease. While the ketogenic
diet improves Parkinson’s disease symptoms, it increases the serum levels of saturated,
monounsaturated, and polyunsaturated fatty acids. The current literature indicates conflicting
results with the increase in intake and serum levels of fatty acids and the gut microbiome in
Parkinson’s disease. We analyzed the data of 197 Parkinson’s disease patients and 103
healthy controls to unveil associations between serum levels of saturated, mono-unsaturated,
and polyunsaturated fatty acids and the microbiome. Our results indicate that saturated fatty
acids have a weak but statistically significant positive relationship with the Shannon diversity
of the gut microbiome in Parkinson’s disease subjects. Mono-unsaturated and poly-
unsaturated fatty acids were not significantly associated with the microbiome diversity.
Additionally, we identified low saturated fatty acids associated with the Akkermansia,
Bifidobacterium, Faecalibacterium, and Haemophilus genera, with implications in
Parkinson’s disease progression and gut dysbiosis. Our analysis also shows low saturated
fatty acid positively associates with metabolic pathways such as menaquinol and L-
methionine, both having been highlighted as beneficial for Parkinson’s disease. Together, our
study indicates that low levels of serum saturated fatty acids are associated with specific genus
and pathway changes known to have a positive effect on individuals with Parkinson’s
disease.

INTRODUCTION

P arkinson’s disease (PD) is a neurodegenerative condition characterized by resting
tremors and bradykinesia, that has over last two decades risen rapidly in incidence and
prevalence worldwide (1). Though PD progresses through dopaminergic (DA) neuronal

degeneration, it presents with distinct gastrointestinal co-morbidities and altered bacterial

abundance in the gut microbiota (2,3). Evidence has indicated that gut dysbiosis is correlated
with PD onset and progression (4). However, the link between early disease processes in the
gut and the following neural degeneration is not fully understood (1). Cristea et al. analyzed
fecal samples from a cohort of 197 PD patients and 103 healthy controls, finding associations
between the microbiome and PD with implications in gastrointestinal (GI) dysfunction, serum
metabolites, and disease etiology (2). The study found significant taxonomic abundance
differences between the cohorts, notably an increased Akkermansia and Bifidobacterium
genera abundance and a decreased Faecalibacterium and Lachnospiraceae genera abundance
in PD patients compared to the healthy control (2).
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While diet is a known pivotal factor in microbiome composition and diversity in humans,
the value of the ketogenic diet (KD) which contains a high fat, moderate protein, and low
carbohydrate macronutrient profile presents a dichotomy (5). KD has been shown to modulate
the microbiota by decreasing the Bifidobacterium abundance in PD patients while clinical
studies have demonstrated KD to help with the Movement Disorder Society-Sponsored
Revision of the Unified Parkinson's disease Rating Scale (MDS-UPDRS) (5-8). However,
KD’s utilization of a high fat intake (55-60% of total daily calories) raises serum levels of
fatty acids including saturated fatty acids (SFA), monounsaturated fatty acids (MUFA), and
polyunsaturated fatty acids (PUFA), the elevation of which has been shown to have mixed
results for health (5,7-12).

SFA, MUFA and PUFA each have unique and complex associations with PD, which can
all influence disease prevention or progression in distinct ways. Higher SFA intake has been
associated with an increased risk of PD with longitudinal studies reporting up to a 41%
increased incidence of PD with higher SFA intake (9, 13). High serum SFA has also been
associated with higher levels of lipopolysaccharides (LPS which are linked with inflammation
(9). Despite this, SFA intake is also associated with increases in the abundance of
Faecalibacterium (genus level) and Lachnospiraceae (family level), both members of the
Firmicutes phylum, which are decreased in PD patients based on the data utilized by Cristea
et al., indicating a potentially positive of higher SFA intake restoring a healthier microbiota
composition in PD (2,9). Higher MUFA intake has been associated with a lower risk of PD,
demonstrating a 0.68 adjusted hazard ratio for each standard deviation (SD) increase in intake
(10). However, in vitro studies indicate oleic acids and other MUFA to be neurotoxic and
elevating the levels of alpha-synuclein proteins (11). Studies exploring the serum levels of
MUFA and associations in PD patients have yet to be explored in the literature. Higher PUFA
intake is found to promote diversity and enhance neuronal growth (9). However, studies have
also shown a significantly increased risk of PD onset with increased arachidonic acid 20:4 (a
type of PUFA) intake (2). Other studies examining the effect of omega-3 (®3) supplements,
another type of PUFA, found it decreased Faecalibacterium, which correlates with the
microbiota changes that precede PD (14,15). However, omega-3 has also been associated
with improving brain health and reducing inflammation (16). Lower serum levels of alpha-
linolenic acid and linoleic acid were associated with more severe motor symptoms in PD
patients, while higher levels of plasma docosahexaenoic acid and arachidonic acid were
associated with more severe non-motor symptoms in PD (12).

Overall, given this gap in the literature surrounding the specific associations of serum
FAs and the gut microbiome for PD, our study aimed to build off the dataset generated by
Cristea et al. to unveil associations between serum levels of SFA, MUFA, and PUFA and the
microbiome diversity in PD patients (5-7,17).

METHODS AND MATERIALS

Dataset collection. The dataset used for this research came from Cirstea et al. which is
comprised of 300 participants (197 with PD and 103 healthy controls) ranging from 40-80
years old (2). The goal of the study was to determine how intestinal microbiota plays a role
in gastrointestinal disturbances seen in PD patients (2). 16S rRNA sequencing was done on
fecal samples collected from participants (2). Our research focused on the serum SFA,
MUFA, and PUFA data provided by Cirstea et al. (2).

16S rRNA sequence processing via QIIME2. Using QIIME2 (v2023.7), the 16S rRNA V4
sequences provided by Cirstea et al. were imported and demultiplexed. Subsequently,
Divisive Amplicon Denoising Algorithm 2 (DADA2) was used to denoise the sequences to
attain the feature table of the Amplicon Sequence Variants (ASVs) (2,18,19). The trimming
and truncation parameters were set to 8 and 251 respectively based on the quality scores. The
silva-138-99-515-806-nb-classifier was used. The QIIME2 output was used for downstream
analysis in R.

Data filtering and rarefaction. R 4.3.1 was used to analyze the outputs generated from
QIIME?2. Using the tidyverse package, the outputs from QIIME2 were imported and modified
for the conversion into a phyloseq object using the phyloseq, ape (v5.7.1), and vegan packages
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(20-23). Before doing so, any ASVs belonging to the Archaea domain, chloroplast order, or
mitochondria family were filtered out. After creating a phyloseq object, any ASVs with less
than 5 total counts, then any samples with less than 100 ASVs were filtered out. Then any
samples with NaN values in their SFA, MUFA, and PUFA columns were filtered out, leaving
behind only 285 samples from the original 300. A rarefaction sampling depth of 3000 was
chosen based on where the samples seemed to plateau, and a rarefied phyloseq object was
created. This object contained 184 PD and 101 control subjects.

Alpha-diversity and multivariate linear regression. Within the R environment, the
tidyverse and phyloseq packages were used to load in and manipulate the previously created
phyloseq object (20,21). The data was divided into PD and control patients to enable separate
statistical analyses on PD and control subjects only. To visualize the relationship between
each FA type and Shannon diversity of both PD and control subjects, a scatter plot containing
a best-fit line was created, and the Spearman test was used to find their correlation coefficients
because it is able to assess monotonic relationships with order-based associations. To identify
which predictor variable has a significant association with Shannon diversity, a multiple
linear regression model was conducted using the stats package that is pre-installed in R (24).
This analysis contained age, sex, and farm residency as confounding variables, while SFA,
MUFA, and PUFA were our predictor variables.

Binning of Low, Medium, and High Fat Groups. FA values were categorized into “low”,
“medium” and “high” based on quartile separations. “Low” was below the 25th percentile,
“high” was above the 75th percentile and “medium” was in between.

Indicator Species Analysis and Core Microbiome Analysis. The indicspecies package was
used to perform indicator species analysis (ISA), while the microbiome and ggVennDiagram
packages were used to perform core microbiome analysis (25-27). Furthermore, they both
utilized relative abundance to perform the analysis. For ISA, the PD Binned and
Control Binned data were analyzed separately, and the analysis was done only on SFA. Only
bacterial genera with a p-value <0.05 were considered. In the core microbiome analysis, only
the high and low SFA levels were analyzed for the PD_Binned and Control Binned subjects.
The evaluation thresholds were set to 0.0 and 0.8 for detection and prevalence, respectively.
To visualize the results of core microbiome analysis, a Venn diagram that compared the high
and low SFA levels between the PD and control patients was created.

Differential Expression Sequence analysis and visualization. DESeq2 package was used
to conduct the differential expression sequence analysis (DESeq) (28). DESeq analysis
compared low SFA condition to high SFA condition in PD patients, and low SFA in PD
versus control patients. Only ASVs with an absolute log, Fold change of 2 and p-value<0.05
were kept. To visualize the results of the aforementioned conditions, a bar plot was created
that showed the increase/decrease in abundance relative to the reference point. These
reference points were high SFA values in PD patients and low SFA values in control patients
for the two different conditions.

Functional analysis of the microbiome and visualization. Functional analysis was
performed using QIIME2 and PICRUSt2, with the final output being analyzed in R using the
following packages: readr, ggpicrust2, tibble, tidyverse, ggprism, DESeq2, "ggh4x”, and
patchwork (18,20,28-40). A representative sequences fasta and a biological observation
matrix (BIOM) feature table, were filtered in QIIME2 to remove anything with counts lower
than five and then were plugged into the PICRUSt2 pipeline (29-34). This pipeline uses
marker gene sequences to predict functional abundances (29-34). Visualization of the picrust2
pipeline outputs used the ggpicrust2 package (36). The data was filtered to contain only the
binned low SFA level samples for PD patients and controls. It was further filtered to exclude
SFA levels that had no inputted values, remove any abundances less than 1000, and any
pathway counts less than 100. The DESeq2 method was chosen to perform Differential
abundance analysis (DAA) (36). The resulting DAA pathways were annotated using MetaCyc
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(36). Abundances were graphed in a heatmap and principal component analysis (PCA) plot
while the annotated pathways were graphed in a pathway error bar plot.

RESULTS

Weak positive significant association between serum SFA levels and the gut
microbial diversity of Parkinson’s disease patients. Based on the statistical summary of
the multivariate regression model, which evaluated the relationships between the Shannon
diversity of the human gut microbiome and the serum levels of SFA, MUFA, and PUFA, only
SFA was shown to have a statistically significant association (p-value = 0.035)
(Supplementary Figure S1). This association was absent in healthy controls and appeared to
be exclusive to PD patients (Table 1). Our scatterplot revealed a weak positive association
(correlation coefficient = 0.0372, Supplementary Table S1) between the Shannon diversity
and serum SFA in PD patients, despite its statistical significance (Supplementary Figure
S1B).

TABLE. 1 Statistical summary of Shannon diversity multiple linear regression
model in PD subjects. p-value for the independent effect each variable has on
Shannon diversity was computed using a linear regression model. *p-value < 0.05,
**p-value<0.01

Variable p-value
Age 0.00365**
Sex 0.30525
Farm Residency 0.83059
SFA 0.03500*
MUFA 0.05836
PUFA 0.74235

2 indicator genera for PD in the low SFA group. ISA showed 2 ASV hits to be
statistically significant indicators of the low SFA PD group (p-value of 0.001 and 0.03) (Table
2). Using The Basic Local Alignment Search Tool (BLAST), the nucleotide sequences of the
ASVs were linked to the Haemophilus genus and an uncultured bacterium (Table 2). Despite
their statistical significance, the indicator values of these genera were low at 0.3202 and
0.2659 (Table 2), suggesting that they are poor indicators of PD in low SFA conditions. There
were no statistically significant ASV hits associated with the medium or high SFA groups
among PD subjects. Furthermore, these 2 ASV hits were exclusive to the low SFA PD group
and absent from the low SFA control subjects.

UJEMI+

TABLE. 2 ISA results of different SFA levels in Parkinson’s disease patients. Tabular summary
visualizing the bacterial genus, associated SFA level, indicator value, and p-value of all statistically

significant indicator genera for the low, medium, and high SFA groups of PD patients.

Genus Low SFA Med SFA  High SFA Indicator Value p-value
Haeomophilus 1 0 0 0.3202 0.001
Uncultured bacterium 1 0 0 0.2659 0.030

Low SFA PD subjects contain 3 exclusive core taxa and high SFA PD subjects
contain none. Core microbiome analysis was run to identify the SFA level that is best
associated with PD. Low SFA PD patients contained 3 exclusive core taxa (Figure 1). These
3 ASVs belonged to the Alistipes, Bacteroides, and Agathobacter genera. However, no
exclusive core taxa belonged solely to the high SFA PD subjects, nor were any core taxa
shared only between high and low SFA levels in PD subjects (Figure 1). Furthermore, 7 core
taxa members were shared between the 4 different condition combinations (Figure 1).

25 and 47 genera had a significant increase and decrease in their expression levels
in their respective analyzed cohorts. Since low SFA was a better indicator of PD (Table 3
and Figure 1), only the low SFA PD subjects were chosen as the comparison group for DESeq
analysis. The outcome of the analysis showed that there are 25 significant genera with a p-
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value <0.05 and absolute value of log, fold change > 2 in low versus high SFA conditions in
PD patients (Figure 2A). While 47 genera had a significant change in their expression level
in PD subjects with low SFA levels relative to control subjects with low SFA (Figure 2B).

SFA PD vs. Control FIG. 1 Low SFA levels contain 3
exclusive  core taxa.  Core
microbiome analysis was done on
binned SFA in both PD and control
subjects. Relative abundance values
were used to conduct the analysis.
Detection and prevalence thresholds
were set to 0.0 (presence/absence)
and 0.8 (presence in 80% of samples)
respectively.

PD_Low Control_Low

PD_High Control_High

TABLE. 3 Statistical summary of Shannon diversity multiple linear regression model in
control subjects. p-value for the independent effect each variable has on Shannon diversity
was computed using a linear regression model.

Variable p-value
Age 0.517
Sex 0.796
Farm Residency  0.224
SFA 0.330
MUFA 0.418
PUFA 0.233
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FIG. 2 DESeq analysis shows an increase in Akkermansia, Bifidobacterium, and Faecalibacterium genera only in PD
versus control subjects with low SFA. Red bars indicate a decrease in abundance, while green bars indicate an increase.
The error bands are logz fold change standard error values. Threshold values were set to p-value<0.05 and an absolute value
of log fold change>2. A) DESeq analysis on low (comparison group) versus high (reference group) SFA in PD subjects.
B) DESeq analysis on PD (comparison group) versus control (reference group) subjects with low SFA levels.
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Out of these 25 genera, 11 have decreased, while 14 have increased in abundance relative to
high SFA (Figure 2A). Additionally, out of the 47 genera significant genera, 15 have
decreased, while 32 have increased in abundance (Figure 2B). Interestingly, the Akkermansia,
Bifidobacterium, and Faecalibacterium genera, which are commonly reported in PD patients,
have increased in abundance relative to control subjects with low SFA levels (Figure 2B).
However, only the abundance change in the Akkermansia genus was considered significant
in the low versus high SFA levels in PD patients. Albeit, this genus had decreased in
abundance relative to high SFA PD subjects (Figure 2A).

Low SFA levels upregulate 21 pathways in the gut microbiome. Functional analysis
of pathway regulation through PICRUSt2 found significant pathway regulation changes for
21 pathways in low SFA levels between PD patients and controls (Figure 3A, B). Fifteen of
these pathways are upregulated in PD patients and related to biosynthesis, while four are
upregulated in PD patients and are related to degradation (Figure 3). The remaining two
pathways are superpathways, which include the regulation of energetic pathways like
glycolysis and the tricarboxylic acid (TCA) cycle are also upregulated in PD patients (Figure
3). A form of menaquinol biosynthesis spans six of the pathways, while L-methionine
biosynthesis is involved in two pathways. L-ornithine and L-arginine are both involved in
two degradation pathways (Figure 3). The rest of the pathways involve unique metabolites
except for the TCA cycle and glyoxylate bypass occurring in two separate super-pathways
(Figure 3).
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FIG. 3 Low SFA levels upregulate 21 pathways in the PD gut microbiome. Functional analysis of low SFA levels,
produced using PICRUSt2, reveals an upregulation of 21 pathways in the PD microbiota (Blue) compared to controls (Red).
The 21 pathways are evaluated on: A) relative abundance, B) log2 fold change, and adjusted p-value. An adjusted p-value is
the smallest possible p-value. The Log2 fold change represents the controls in relation to PD. Comparing, log fold compared
to, what are the pathways, what is an adjusted p-value, generated using PICRUSt. Red boxes indicate the 15 super pathways

with altered regulation.

DISCUSSION

Parkinson’s disease (PD) is the fastest-growing neurodegenerative disease affecting 0.3%
of the general population (41,42). With an aging global population, the number of PD patients
worldwide is projected to double by the year 2040 (42). Disease management is complicated
and involves utilizing pharmaceuticals, exercise therapy, and lifestyle interventions (41).
Dopaminergic medication such as levodopa (L-DOPA) can also cause dyskinesia and motor
fluctuations (41). Prior to the onset of PD, there is a prodromal period that can precede the
disease by up to 20 years (43). This period is characterized by constipation, possible rapid
eye movement (REM) sleep behavior disorder (RBD), depression, anxiety disorder, and
cognitive impairments (43). Interestingly, recent studies have pointed to microbiota changes
of prodromal PD lying along a continuum between healthy and PD cohorts (44). This calls
for a more comprehensive understanding of the associations between various biomarkers and
the microbiome composition and diversity which can allow for improvements in the treatment
of PD (41,42,44).
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The ketogenic diet has shown promise as a beneficial dietary intervention in PD (45). A
study looking specifically at very low-calorie KD found an increase in the number of bacteria
that produce short-chain fatty acids (SCFA), a type of SFA (46). KD has also been shown to
directly reverse the dysbiosis thought to be conducive to PD in mouse models by significantly
changing the abundance of various genera in the microbiota (47). Currently, there are human
clinical trials underway utilizing KD as a microbiota-targeted dietary intervention measuring
the changes in the microbiota longitudinally in British Columbia, Canada (48).

Although KD has shown benefits as an intervention, the side effects can include
hypertriglyceridemia and increased serum FA including SFA, MUFA, and PUFA (5,7,9,45).
Given that longitudinal studies have indicated an increased incidence of PD with higher SFA
intake, while effects of increased PUFA and MUFA are yet to be shown on the microbiome
of PD patients (2,10,12,13); we aimed to unveil the association of SFA, MUFA, and PUFA
with the microbiome in PD patients.

Multiple linear regression association between SFA levels and gut microbial
diversity. To run the multivariate linear regression model, we chose to control for age, sex,
and farm residency when analyzing the 3 FA types. Only SFA was associated with Shannon
diversity in PD patients. Despite the statistically significant relationship found in SFA, the
association is extremely weak. Although our finding from the regression model alone is
insufficient to conclude the role of SFA levels in relation to PD outcomes, previous research
has found that increased dietary intake of SFA is linked to elevated risk of PD development
(9,49). Based on the weak correlation coefficient, we cannot definitely determine any
directional associations.

ISA indicated the genus Haemophilus and an uncultured bacterium in the low SFA
group. ISA revealed Haemophilus and an uncultured bacterium as possible indicators of PD
in patients with low SFA levels (Table 2). The Haemophilus genus is associated with a
plethora of neurological disorders (50-52). Of note, Haemophilus was positively correlated
with the negative psychiatric symptoms of Schizophrenia (50). This is significant since the
prevalence of schizophrenia spectrum disorder later in life (53). Haemophilus is
underrepresented in PD cohorts compared to healthy controls (51). Systematic reviews have
confirmed these findings with Haemophilus being lower in abundance in PD patients as well
(52). Given the low indicator value of 0.3202, we cannot confidently state that Haemophilus
is a good indicator of PD in subjects with low SFA.

Core microbiome showed that low SFA in PD patients has 3 exclusive core taxa. The
core microbiome analysis conducted on low SFA subjects in both PD and control categories
showed that low SFA PD subjects contain 3 exclusive core taxa. These hits belonged to the
Alistipes, Bacteroides, and Agathobacter genera. One study has shown that Alistipes genus
increases in abundance in PD patients (52). Additionally, upon further analysis of the DESeq
results, none of these specific ASVs were seen to decrease/increase significantly in either of
the two conditions. However, similar to the ISA findings, the low SFA was the only SFA
level in PD patients that contained any exclusive core taxa; this possibly alludes to the fact
that the 3 exclusive ASVs are potentially a good indicator of PD in patients with low serum
SFA.

DESeq2 revealed major changes in the microbiota composition. Our DESeq analysis
revealed several genera abundance differences between low and high SFA in PD subjects,
and PD versus control subjects with low SFA. These notable genera include Akkermansia a
mucin-degrading, Faecalibacterium which is a main butyrate-producing (a type of SCFA)
bacteria, and Bifidobacterium (52,54,55).

The Akkermansia genus is thought of as a healthy bacteria genus as it has been associated
with enhanced wound healing, protection against obesity, and more (4). However, it has also
been seen to have a greater abundance in the stool sample of Parkinson’s disease patients
relative to healthy control patients (4). Furthermore, it is thought that the increase in this genus
alongside the decrease in SCFA-producing bacteria, can lead to an increase in intestinal
permeability and inflammation which can facilitate the exposure of the enteric nervous
system to toxins such as LPS (4). This can lead to an abnormal aggregation of alpha-synuclein
proteins, which is thought to be a contributor to PD pathogenesis (4,56). However, we can
see that relative to PD subjects with high SFA, there has been a decrease in its abundance
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(Figure 2A). This is a possible indicator of the beneficial role that low SFA levels can have
in PD patients.

Faecalibacterium genus is a butyrate-producing bacteria that has been linked with
potential positive effects on the intestinal mucosa and PD (4,55,57). Based on the DESeq
results, we can see that it had an increase in abundance in low SFA PD subjects relative to
low SFA control subjects (Figure 2B). Furthermore, Bifidobacterium is another healthy
bacterium that was shown to protect dopaminergic neurons in PD mice (58). While the
increase in its abundance in PD versus control patients with low SFA is congruent with
established literature, it has not been consistently shown in PD-related changes of gut
microbial composition unlike the Akkermansia genus (4).

Overall, the changes we see associated with low SFA in both Akkermansia and
Faecalibacterium genera, potentially allude to the fact that this level of serum SFA can have
a positive outcome for PD subjects. However, since the increase in abundance of
Bifidobacterium may be associated with PD medication (52), we won’t be able to state the
same for this genus.

PICRUSt2 highlighted menaquinol and L-methionine as metabolites upregulated in
Low SFA. The functional analysis of the gut microbiome revealed significant changes
between PD patients and controls with low SFA levels. Specifically, 21 pathways were
upregulated in PD patients compared to controls (Figure 3A). Eight of the 21 pathways are
related to the biosynthesis of menaquinol (Vitamin K5) suggesting that the gut microbiome
produces more vitamin K» for PD patients rather than controls with low SFA levels. Current
literature relating to vitamin K describes it as beneficial to PD patients (59,60). It has the
ability to suppress neuroinducers like rotenone and paraquat, and vitamin K is currently being
used in clinical trials as a treatment for PD (59,60). Furthermore, it repairs nerve cells using
the mitochondrial quality control loop (61). In Mice models, administrations of 500 mg/kg of
Vitamin K, per day orally, for a 2-week period, induced higher levels of Firmicutes (62). This
is significant as Firmicutes are decreased in PD patients (2). Two L-methionine pathways are
upregulated in PD patients as well. Previous studies depict L-methionine as beneficial to PD
patients (63,64). Cantesi et al. found L-methionine to protect against both oxidative stress and
mitochondrial dysfunction in PD patients (65). Furthermore, L-methionine was seen to have
therapeutic effects in clinical trials, indicating improvements in tremors and rigidity (63).
Moreover, one of the L-methionine biosynthesis pathways occurs using sulthydration which
has been seen to benefit neuro-protective processes of parkin, a ligase that removes damaged
mitochondria (64). In terms of the gut microbiome methionine, an enantiomer of L-
methionine, has been investigated (66). A high methionine diet (2g/kg of body weight) was
found to increase the abundance of Faecalibacterium while previous PD studies claim
Faecalibacterium decreases in abundance for PD patients (66,67). Since Faecalibaculum
positively influences PD, the increase in L-methionine biosynthesis further supports the
association of low SFA with beneficial metabolites in PD patients (57).

With around half of the significant regulation changes seeming to benefit PD patients, the
data suggest that low SFA levels are associated with beneficial pathways for PD patients
(Figure3A, B). However, it is important to note that not all of the changes support this
conclusion. Both L-arginine and L-ornithine degradation-related pathways are upregulated
despite both of them being proposed as beneficial for PD patients (Figure 3A, B) (68,69).
Despite these three conflicting pathways, at least ten of the 21 pathway changes support that
low SFA levels are associated with beneficial pathways in PD patients (Figure 3A, B).

Limitations The dataset by Cirstea ef al. presents several limitations for our research. Given
the cross-sectional nature of the data, no causal relationships can be made. There could also
be a better balance between healthy and PD patients (n=103 and n=197 respectively) (2).
Finally, the time of blood sample collection with regard to the subject’s mealtimes was not
standardized, which can impact the binning process of the FAs (2). FAs are known to take
up to 4 hours to digest, meaning standardizing data collection to 4 hours after meals could
have improved the quality of the data (70). This can lead to false findings in the ISA, core
microbiome, DESeq, and PICRUSt2 analyses since they utilized FA levels to conduct their
respective analysis.
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Within our group’s work, it is possible that we did not account for all relevant
confounding variables in our multivariable linear regression model. While we accounted for
variables such as age, location (farmlands), and sex; elements of diet (e.g., caffeine), PD
therapeutics, and important biomolecules (e.g., vitamin D) were not considered. This is
relevant since literature findings have shown that caffeine can significantly affect the gut
microbiome composition (71). Alternatively, this may have obscured relationships between
Shannon diversity and MUFA and PUFA, as our analysis revealed no correlation.

Conclusions The aim of our study was to examine the effects of serum SFA, MUFA, and
PUFA levels on PD patients’ microbiome diversity and functional pathways. Overall, we
found that SFA showed a weak positive relation with microbiome Shannon diversity, while
MUFA and PUFA showed no significant correlations. We identified several bacterial genera
which are associated with low levels of SFA. Haemophilus genus is associated with low SFA
and is a bacterium that is linked with poor prognosis in schizophrenia and other neurological
disorders. Core microbiome analysis showed that the 3 exclusive core taxa in low SFA PD
patients are potentially an indicator of PD in low SFA subjects. DESeq results indicated a
relative decreased abundance of Akkermansia in the low vs high SFA PD cohort, a genus
persistently upregulated in the PD microbiome. With that, Faecalibacterium, a butyrate-
producing bacteria, had a significant increase relative to low SFA control subjects. This
highlights the potential beneficial outcome of low serum SFA levels for PD patients. Pathway
analysis also revealed that menaquinol (Vitamin K») and L-methionine are up-regulated in
low SFA, both are linked with protective anti-inflammatory properties, while menaquinol
(Vitamin Kb) is currently being investigated as a potential therapeutic drug for PD. Together,
serum SFA levels are positively associated with gut microbiome diversity, while low serum
SFA is associated with several specific bacterial abundance changes and metabolites
beneficial to PD. This indicates low SFA as a promising potential treatment for PD. However
further research should look into determining the impact and comparative importance of each
factor we have illustrated here before further conclusions can be made.

Future Directions The uncultured bacterium found in our ISA analysis was just recently
identified as the novel species Merdimmobilis hominis in February 2023 (72) (Table 3). Given
our discovery of its link with low SFA in PD patients, it would be prudent to see what systems
and pathways it is associated with, and if it affects PD prognosis.

In addition, future Microbiota-targeted dietary interventions utilizing KD can investigate
serum SFA levels longitudinally and find more robust associations between low and high
SFA and the gut microbiome. With that, utilizing a random sampling of the population instead
of choosing spouses of PD patients can ensure a more diverse microbiome analysis.

Future studies could look into the interplay between PD medications and abundance
changes in the Bifidobacterium genus, as well as a more comprehensive study controlling for
other confounders such as PD medications and diet would make sure that the findings are
statistically more rigorous. Given the dataset from Cirstea et al. came from a cross-sectional
study, longitudinal studies should be done to see the long-term changes in the gut microbiome
of PD patients with different levels of SFA (2). This could paint a more holistic picture of
SFA’s association with the microbiome of PD patients.

ACKNOWLEDGEMENTS

We would like to thank the Department of Microbiology and Immunology for providing us
with the resources to conduct this project, as well as Chad Poloni and Dr. Evelyn Sun for their
continued guidance throughout the project. We extend our gratitude to Christopher Lee and
Brian Deng for helping with the PICRUSt2 script and Nicholas Kucera for helping with the
ISA. Finally, we would like to thank Cirstea et al. for providing the dataset used for this
project. We would also like to thank two anonymous reviewers for constructive feedback on
this manuscript.

CONTRIBUTIONS

September 2024 Volume 10:1-12 Undergraduate Research Article

UJEMI+

https://jemi.microbiology.ubc.ca/



Tavakoli Hedayatpour et al.

This study is the result of the collaborative effort of all authors. AT wrote the scripts for all the analyses
up to the PICRUS pipeline, wrote the methods, results, figures, discussion, conclusion, limitations, future
directions, and acknowledgment; revised and formatted the manuscript, created, and organized the
references. PK came up with the research idea, wrote the abstract, introduction, discussion, limitations,
conclusion, and future directions, and revised and formatted the manuscript. JS worked on the PICRUSt2
analysis, wrote the binning script, and was responsible for methods, results, and discussion; He also
contributed to manuscript revision. DL helped out with revision and references and was also responsible
for the methods, results, figures and tables, and discussion. JZ wrote the outline for limitations,
conclusion, and future direction, and worked on revision. Co-authorship should not be considered equal
for all authors.

REFERENCES

1. Bloem BR, Okun MS, Klein C. 2021. Parkinson’s disease. The Lancet 397:2284-2303.

2. Cirstea MS, Yu AC, Golz E, Sundvick K, Kliger D, Radisavljevic N, Foulger LH, Mackenzie M, Huan
T, Finlay BB, Appel-Cresswell S. 2020. Microbiota Composition and Metabolism Are Associated
With Gut Function in Parkinson’s Disease. Movement Disorders 35:1208-1217.

3. Zhang W, Chen S, Huang X, Tong H, Niu H, Lu L. 2023. Neuroprotective effect of a medium-chain
triglyceride ketogenic diet on MPTP-induced Parkinson’s disease mice: a combination of
transcriptomics and metabolomics in the substantia nigra and fecal microbiome. 1. Cell Death Discov
9:1-15.

4.  ZhuM, Liu X, Ye Y, Yan X, Cheng Y, Zhao L, Chen F, Ling Z. 2022. Gut Microbiota: A Novel
Therapeutic Target for Parkinson’s Disease. Front Immunol 13:937555.

5. Santos SF, Oliveira H, Yamada ES, Neves BC, Pereira A. 2019. The Gut and Parkinson’s Disease—
A bidirectional pathway. Frontiers in Neurology 10.

6. Knight E, Geetha T, Burnett D, Babu JR. 2022. The Role of Diet and Dietary Patterns in Parkinson’s
Disease. Nutrients 14:4472.

7. Ma D, Wang AC, Parikh I, Green SJ, Hoffman JD, Chlipala GE, Murphy MP, Sokola BS, Bauer B,
Hartz AMS, Lin AL. 2018. Ketogenic diet enhances neurovascular function with altered gut
microbiome in young healthy mice. Scientific Reports 8.

8. Murtaza N, Burke LM, Vlahovich N, Charlesson B, Neill HO, Ross ML, Campbell KL, Krause L,
Morrison M. 2019. The Effects of Dietary Pattern during Intensified Training on Stool Microbiota of
Elite Race Walkers. Nutrients 11:261.

9. de Queiroz Cavalcanti SA, de Almeida LA, Gasparotto J. 2023. Effects of a high saturated fatty acid
diet on the intestinal microbiota modification and associated impacts on Parkinson’s disease
development. Journal of Neuroimmunology 382:578171.

10.  de Lau LML, Bornebroek M, Witteman JCM, Hofman A, Koudstaal PJ, Breteler MMB. 2005. Dietary
fatty acids and the risk of Parkinson disease. Neurology 64:2040-2045.

11. Fanning S, Selkoe D, Dettmer U. 2020. Parkinson’s disease: proteinopathy or lipidopathy? 1. npj
Parkinsons Dis 6:1-9.

12. Yoo D, Lim Y, Son Y, Rho H, Shin C, Ahn T-B. 2021. Dietary intake and plasma levels of
polyunsaturated fatty acids in early-stage Parkinson’s disease. 1. Sci Rep 11:12489.

13.  Crabtree CD, Kackley ML, Buga A, Fell B, LaFountain RA, Hyde PN, Sapper TN, Kraemer W1J,
Scandling D, Simonetti OP, Volek JS. 2021. Comparison of Ketogenic Diets with and without Ketone
Salts versus a Low-Fat Diet: Liver Fat Responses in Overweight Adults. Nutrients 13:966.

14.  Costantini L, Molinari R, Farinon B, Merendino N. 2017. Impact of omega-3 fatty acids on the gut
microbiota. International Journal of Molecular Sciences 18:2645.

15. Manor O, CI D, Kornilov SA, Smith B, Price ND, Lovejoy JC, Gibbons SM, Magis AT. 2020. Health
and disease markers correlate with gut microbiome composition across thousands of people. Nature
Communications 11.

16. Lodhia I, Breckenridge L, Burwag F, Lim R. 2023. High-fish intake is associated with later-onset
Parkinson’s disease and enrichment of short-chain fatty acid-producing microorganisms.
Undergraduate Journal of Experimental Microbiology and Immunology 9.

17.  Lindefeldt M, Eng A, Darban H, Bjerkner A, Zetterstrom CK, Allander T, Andersson B, Borenstein
E, Dahlin M, Prast-Nielsen S. 2019. The ketogenic diet influences taxonomic and functional
composition of the gut microbiota in children with severe epilepsy. 1. npj Biofilms Microbiomes 5:1—
13.

18. Bolyen E, Rideout JR, Dillon MR, Bokulich NA, Abnet CC, Al-Ghalith GA, Alexander H, Alm EJ,
Arumugam M, Asnicar F, Bai Y, Bisanz JE, Bittinger K, Brejnrod A, Brislawn CJ, Brown CT,
Callahan BJ, Caraballo-Rodriguez AM, Chase J, Cope EK, Da Silva R, Diener C, Dorrestein PC,
Douglas GM, Durall DM, Duvallet C, Edwardson CF, Ernst M, Estaki M, Fouquier J, Gauglitz JM,
Gibbons SM, Gibson DL, Gonzalez A, Gorlick K, Guo J, Hillmann B, Holmes S, Holste H,
Huttenhower C, Huttley GA, Janssen S, Jarmusch AK, Jiang L, Kaehler BD, Kang KB, Keefe CR,
Keim P, Kelley ST, Knights D, Koester I, Kosciolek T, Kreps J, Langille MGI, Lee J, Ley R, Liu Y-
X, Loftfield E, Lozupone C, Maher M, Marotz C, Martin BD, McDonald D, Mclver LJ, Melnik AV,
Metcalf JL, Morgan SC, Morton JT, Naimey AT, Navas-Molina JA, Nothias LF, Orchanian SB,
Pearson T, Peoples SL, Petras D, Preuss ML, Pruesse E, Rasmussen LB, Rivers A, Robeson MS,
Rosenthal P, Segata N, Shaffer M, Shiffer A, Sinha R, Song SJ, Spear JR, Swafford AD, Thompson

September 2024 Volume 10:1-12 Undergraduate Research Article

UJEMI+

https:/jemi.microbiology.ubc.ca/

10



Tavakoli Hedayatpour et al.

19.

20.

21.

22.

23.

24.

25.

26.

217.
28.

29.

30.

31.

32.

33.

34.

35.

36.
37.
38.
39.
40.
41.
42.
43.

44,

45.

46.

47.

48.

LR, Torres PJ, Trinh P, Tripathi A, Turnbaugh PJ, Ul-Hasan S, vander Hooft JJJ, Vargas F, Vazquez-
Baeza Y, Vogtmann E, von Hippel M, Walters W, Wan Y, Wang M, Warren J, Weber KC, Williamson
CHD, Willis AD, Xu ZZ, Zaneveld JR, Zhang Y, Zhu Q, Knight R, Caporaso JG. 2019. Reproducible,
interactive, scalable and extensible microbiome data science using QIIME 2. Nat Biotechnol 37:852—
857.

Callahan BJ, McMurdie PJ, Rosen MJ, Han AW, Johnson AJA, Holmes SP. 2016. DADA2: High
resolution sample inference from Illumina amplicon data. Nat Methods 13:581-583.

Wickham H, Averick M, Bryan J, Chang W, McGowan LD, Frangois R, Grolemund G, Hayes A,
Henry L, Hester J, Kuhn M, Pedersen TL, Miller E, Bache SM, Miiller K, Ooms J, Robinson D, Seidel
DP, Spinu V, Takahashi K, Vaughan D, Wilke C, Woo K, Yutani H. 2019. Welcome to the Tidyverse.
Journal of Open Source Software 4:1686.

McMurdie PJ, Holmes S. 2013. phyloseq: an R package for reproducible interactive analysis and
graphics of microbiome census data. PLoS One 8:¢61217.

Paradis E, Schliep K. 2019. ape 5.0: an environment for modern phylogenetics and evolutionary
analyses in R. Bioinformatics 35:526-528.

Oksanen J, Simpson GL, Blanchet FG, Kindt R, Legendre P, Minchin PR, O’Hara RB, Solymos P,
Stevens MHH, Szoecs E, Wagner H, Barbour M, Bedward M, Bolker B, Borcard D, Carvalho G,
Chirico M, Caceres MD, Durand S, Evangelista HBA, FitzJohn R, Friendly M, Furneaux B, Hannigan
G, Hill MO, Lahti L, McGlinn D, Ouellette M-H, Cunha ER, Smith T, Stier A, Braak CJFT, Weedon
J. 2022. vegan: Community Ecology Package (2.6-4).

R Core Team. 2018. R: A language and environment for statistical computing. R Foundation for
Statistical Computing. Vienna, Austria. https://www.R-project.org/.

Céceres MD, Legendre P. 2009. Associations between species and groups of sites: indices and
statistical inference. Ecology 90:3566-3574.

Lahti L, Shetty S. 2023. microbiome: Microbiome Analytics (1.25.0). Bioconductor version:
Development (3.19).

Gao C-H, Yu G, Dusa A. 2023. ggVennDiagram: A “ggplot2” Implement of Venn Diagram (1.2.3).
Love MI, Huber W, Anders S. 2014. Moderated estimation of fold change and dispersion for RNA-
seq data with DESeq2. Genome Biology 15:550.

Douglas GM, Maffei VJ, Zaneveld JR, Yurgel SN, Brown JR, Taylor CM, Huttenhower C, Langille
MGI. 2020. PICRUSt2 for prediction of metagenome functions. 6. Nat Biotechnol 38:685-688.
Barbera P, Kozlov AM, Czech L, Morel B, Darriba D, Flouri T, Stamatakis A. 2019. EPA-ng:
Massively Parallel Evolutionary Placement of Genetic Sequences. Systematic Biology 68:365-369.
Czech L, Barbera P, Stamatakis A. 2020. Genesis and Gappa: processing, analyzing and visualizing
phylogenetic (placement) data. Bioinformatics 36:3263-3265.

Mirarab S, Nguyen N, Warnow T. 2011. SEPP: SAT¢-Enabled Phylogenetic Placement, p. 247-258.
In Biocomputing 2012. WORLD SCIENTIFIC.

Louca S, Doebeli M. 2018. Efficient comparative phylogenetics on large trees. Bioinformatics
34:1053-1055.

Ye Y, Doak TG. 2009. A Parsimony Approach to Biological Pathway Reconstruction/Inference for
Genomes and Metagenomes. PLOS Computational Biology 5:¢1000465.

Wickham H, Hester J, Francois R, Bryan J, Bearrows S, Posit, PBC, library) https://github
com/mandreyel/ (mio, implementation) JJ (grisu3, implementation) MJ (grisu3. 2023. readr: Read
Rectangular Text Data (2.1.4).

Yang C, Mai J, Cao X, Burberry A, Cominelli F, Zhang L. 2023. ggpicrust2: an R package for
PICRUSt2 predicted functional profile analysis and visualization. Bioinformatics 39:btad470.

Miiller K, Wickham H, Francois R, Bryan J, RStudio. 2023. tibble: Simple Data Frames (3.2.1).
Dawson C. 2022. ggprism: A “ggplot2” Extension Inspired by “GraphPad Prism” (1.0.4).

Brand T van den. 2023. ggh4x: Hacks for “ggplot2” (0.2.6).

Pedersen TL. 2023. patchwork: The Composer of Plots (1.1.3).

Rizek P, Kumar N, Jog MS. 2016. An update on the diagnosis and treatment of Parkinson disease.
CMAJ 188:1157-1165.

Dorsey ER, Sherer T, Okun MS, Bloem BR. The Emerging Evidence of the Parkinson Pandemic. J
Parkinsons Dis 8:S3—S8.

Roos DS, Klein M, Deeg DJH, Doty RL, Berendse HW. Prevalence of Prodromal Symptoms of
Parkinson’s Disease in the Late Middle-Aged Population. J Parkinsons Dis 12:967-974.

Palacios N, Wilkinson J, Bjornevik K, Schwarzschild MA, Mclver L, Ascherio A, Huttenhower C.
2023. Metagenomics of the Gut Microbiome in Parkinson’s Disease: Prodromal Changes. Annals of
Neurology 94:486-501.

Phillips MCL, Murtagh DKJ, Gilbertson LJ, Asztely FJS, Lynch CDP. 2018. Low-fat versus ketogenic
diet in Parkinson’s disease: A pilot randomized controlled trial. Mov Disord 33:1306-1314.
Alsharairi NA. 2022. The therapeutic role of Short-Chain fatty acids mediated very Low-Calorie
ketogenic Diet-Gut microbiota relationships in paediatric inflammatory bowel diseases. Nutrients
14:4113.

Jiang Z, Wang X, Zhang H, Yin J, Zhao P, Yin Q, Wang Z. 2023. Ketogenic diet protects MPTP-
induced mouse model of Parkinson’s disease via altering gut microbiota and metabolites. MedComm
(2020) 4:¢268.

Cresswell S. 2022. Ketogenic Diet Interventions in Parkinson’s Disease: Safeguarding the Gut
Microbiome. NCT05469997. Clinical trial registration. clinicaltrials.gov.

September 2024 Volume 10:1-12 Undergraduate Research Article

UJEMI+

https://jemi.microbiology.ubc.ca/

11



Tavakoli Hedayatpour et al.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

Wolters M, Ahrens J, Romani-Pérez M, Watkins C, Sanz Y, Benitez-Paez A, Stanton C, Giinther K.
2019. Dietary fat, the gut microbiota, and metabolic health - A systematic review conducted within
the MyNewGut project. Clin Nutr 38:2504-2520.

Zhu C, Zheng M, Ali U, Xia Q, Wang Z, Chenlong, Yao L, Chen Y, Yan J, Wang K, Chen J, Zhang
X. 2021. Association Between Abundance of Haemophilus in the Gut Microbiota and Negative
Symptoms of Schizophrenia. Frontiers in Psychiatry 12.

Hey G, Nair N, Klann E, Gurrala A, Safarpour D, Mai V, Ramirez-Zamora A, Vedam-Mai V. 2023.
Therapies for Parkinson’s disease and the gut microbiome: evidence for bidirectional connection.
Frontiers in Aging Neuroscience 15.

LiZ, Liang H, Hu Y, Lu L, Zheng C, Fan Y, Wu B, Zou T, Luo X, Zhang X, Zeng Y, Liu Z, Zhou Z,
Yue Z, Ren Y, Li Z, Su Q, Xu P. 2022. Gut bacterial profiles in Parkinson’s disease: A systematic
review. CNS Neurosci Ther 29:140-157.

Kuusiméki T, Al-Abdulrasul H, Kurki S, Hietala J, Hartikainen S, Koponen M, Tolppanen A,
Kaasinen V. 2021. Increased risk of parkinson’s disease in patients with schizophrenia spectrum
disorders. Movement Disorders 36:1353-1361.

Fang X, Li F, Hong D. 2021. Potential Role of Akkermansia muciniphila in Parkinson’s Disease and
Other Neurological/Autoimmune Diseases. CURR MED SCI 41:1172-1177.

Parada Venegas D, De la Fuente MK, Landskron G, Gonzéalez MJ, Quera R, Dijkstra G, Harmsen
HIM, Faber KN, Hermoso MA. 2019. Short Chain Fatty Acids (SCFAs)-Mediated Gut Epithelial and
Immune Regulation and Its Relevance for Inflammatory Bowel Diseases. Front Immunol 10:277.
Stefanis L. 2012. a-Synuclein in Parkinson’s Disease. Cold Spring Harb Perspect Med 2:a009399.
Metzdorf J, Tonges L. 2021. Short-chain fatty acids in the context of Parkinson’s disease. Neural
Regen Res 16:2015-2016.

Li T, ChuC, YuL, Zhai Q, Wang S, Zhao J, Zhang H, Chen W, Tian F. 2022. Neuroprotective Effects
of Bifidobacterium breve CCFM1067 in MPTP-Induced Mouse Models of Parkinson’s Disease.
Nutrients 14:4678.

YuY,LiY, GaoF, Hu Q, Zhang Y, Chen D, Wang G. 2016. Vitamin K2 suppresses rotenone-induced
microglial activation in vitro. 9. Acta Pharmacol Sin 37:1178-1189.

Prasuhn J, Kasten M, Vos M, Konig IR, Schmid SM, Wilms B, Klein C, Briiggemann N. 2021. The
Use of Vitamin K2 in Patients With Parkinson’s Disease and Mitochondrial Dysfunction (PD-K2): A
Theranostic Pilot Study in a Placebo-Controlled Parallel Group Design. Front Neurol 11:592104.
Scientists find vitamin K2 repairs nerve cells via mitochondrial quality control loop. EurekAlert!
https://www.eurekalert.org/news-releases/949789. Retrieved 11 December 2023.

Chatterjee K, Mazumder PM, Sarkar SR, Saha R, Chatterjee A, Sarkar B, Banerjee S. 2023.
Neuroprotective effect of Vitamin K2 against gut dysbiosis associated cognitive decline. Physiology
& Behavior 269:114252.

Meininger V, Flamier A, Phan T, Ferris O, Uzan A, Lefur G. 1982. [L-Methionine treatment of
Parkinson’s disease: preliminary results]. Rev Neurol (Paris) 138:297-303.

Vandiver MS, Paul BD, Xu R, Karuppagounder S, Rao F, Snowman AM, Ko HS, Lee YI, Dawson
VL, Dawson TM, Sen N, Snyder SH. 2013. Sulfhydration mediates neuroprotective actions of parkin.
Nat Commun 4:1626.

Catanesi M, Brandolini L, d’Angelo M, Benedetti E, Tupone MG, Alfonsetti M, Cabri E, Iaconis D,
Fratelli M, Cimini A, Castelli V, Allegretti M. 2021. L-Methionine Protects against Oxidative Stress
and Mitochondrial Dysfunction in an In Vitro Model of Parkinson’s Disease. Antioxidants (Basel)
10:1467.

Li W, Jia Y, Gong Z, Dong Z, Yu F, Fu Y, Jiang C, Kong W. 2023. Ablation of the gut microbiota
alleviates high-methionine diet-induced hyperhomocysteinemia and glucose intolerance in mice. 1.
npj Sci Food 7:36.

Petrov VA, Saltykova IV, Zhukova IA, Alifirova VM, Zhukova NG, Dorofeeva YuB, Tyakht AV,
Kovarsky BA, Alekseev DG, Kostryukova ES, Mironova YuS, Izhboldina OP, Nikitina MA,
Perevozchikova TV, Fait EA, Babenko VV, Vakhitova MT, Govorun VM, Sazonov AE. 2017.
Analysis of Gut Microbiota in Patients with Parkinson’s Disease. Bull Exp Biol Med 162:734-737.
Hami J, Hosseini M, Shahi S, Lotfi N, Talebi A, Afshar M. 2015. Effects of L-arginine pre-treatment
in 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine-induced Parkinson’s diseases in Balb/c mice. Iran J
Neurol 14:195-203.

Sisalli MJ, Della Notte S, Secondo A, Ventra C, Annunziato L, Scorziello A. 2022. L-Ornithine L-
Aspartate Restores Mitochondrial Function and Modulates Intracellular Calcium Homeostasis in
Parkinson’s Disease Models. Cells 11:2909.

Harahap IA, Sobral MMC, Casal S, Pinho SCM, Faria MA, Suliburska J, Ferreira IMPLVO. 2022. Fat
Oxidation of Fatty Fish vs. Meat Meal Diets Under in vitro Standardized Semi-Dynamic Gastric
Digestion. Front Nutr 9:901006.

Gonzalez S, Salazar N, Ruiz-Saavedra S, Gomez-Martin M, de los Reyes-Gavilan CG, Gueimonde M.
2020. Long-Term Coffee Consumption is Associated with Fecal Microbial Composition in Humans.
Nutrients 12:1287.

Abdugheni R, Li D-H, Wang Y-J, Du M-X, Zhou N, Liu C, Liu S-J. 2023. Acidaminococcus homini
s sp. nov., Amedibacillus hominis sp. nov., Lientehia hominis gen. nov. sp. nov., Merdimmobilis
hominis gen. nov. sp. nov., and Paraeggerthella hominis sp. nov., isolated from human faeces. Int J
Syst Evol Microbiol 73.

September 2024 Volume 10:1-12 Undergraduate Research Article

UJEMI+

https://jemi.microbiology.ubc.ca/

12



