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Abstract 
Neurodegenerative protein conformational diseases are characterized by misfolding and aggregation of metastable 
proteins encoded within the host genome. The host is also home to thousands of proteins encoded within exogenous 
genomes harbored by bacteria, fungi, and viruses. Yet, their contributions to host protein-folding homeostasis, or 
proteostasis, remain elusive. Recent studies, including our previous work, suggest that bacterial products contribute to 
toxic aggregation of endogenous host proteins. We refer to these products as bacteria-derived protein aggregates 
(BDPAs). Furthermore, antibiotics were recently associated with increased risk for neurodegenerative diseases, including 

Parkinson’s disease and amyotrophic lateral sclerosis ⎯ possibly by virtue of altering the composition of the human gut 
microbiota. Other studies have shown a negative correlation between disease progression and antibiotic administration, 
supporting their protective effect against neurodegenerative diseases. These contradicting studies emphasize the 
complexity of the human gut microbiota, the gut-brain axis, and the effect of antibiotics. Here, we further our 
understanding of bacteria’s effect on host protein folding using the model Caenorhabditis elegans. We employed genetic 
and chemical methods to demonstrate that the proteotoxic effect of bacteria on host protein folding correlates with the 
presence of BDPAs. Furthermore, the abundance and proteotoxicity of BDPAs are influenced by gentamicin, an 
aminoglycoside antibiotic that induces protein misfolding, and by butyrate, a short-chain fatty acid that we previously 
found to affect host protein aggregation and the associated toxicity. Collectively, these results increase our understanding 
of host-bacteria interactions in the context of protein conformational diseases.  
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Introduction 
Neurodegenerative protein conformational diseases (PCDs) are disorders of protein homeostasis (proteostasis) and 
subsequent protein folding capacity, hallmarked by the accumulation of metastable proteins into insoluble aggregates [1]. 
PCDs such as Alzheimer’s, Parkinson’s, Huntington’s, or amyotrophic lateral sclerosis (ALS) impose enormous social and 
financial burdens on afflicted individuals and their families [2]. The current annual economic cost of Alzheimer’s disease 
exceeds $300 billion in the United States alone, and this number is projected to surpass $1 trillion by 2050 [3, 4]. Despite 
the high prevalence and the financial burden associated with PCDs, their etiology remains largely unknown. As such, there 
are no effective treatments or cures [5]. Correlational evidence has revealed a link between PCDs and bacteria within the 
human gut microbiota (HGM) [6-8], which could explain their sporadic onset and unpredictable severity. It has been 
challenging to study the mechanism by which bacteria within the HGM might be affecting PCD pathogenesis due to the 
complexity of the microbiome. It has been postulated that bacteria directly affect host protein folding [9-11], perhaps, as 
our previous work suggests, through mechanisms that likely include oxidative stress and bacteria-derived protein 
aggregates (BDPAs) [12]. As the exact bacterial contribution remains elusive, antibiotics further support the role of 
microbes in the pathogenesis of PCDs; however, the effect of antimicrobials on disease progression is ambiguous, as 
numerous studies report contradicting data [13-16].  
 
The expression of aggregating proteins is known to disrupt host proteostasis, consequently affecting folding of any 
metastable proteins present within the host proteome [17]. Increasing evidence suggests that bacterial products 
contribute to the disruption of host proteostasis [18]. Among such products, protein aggregates can be secreted by 
bacteria into the gut and find their way to the nervous system, potentially affecting the onset and progression of PCDs – 
a mechanism that was observed by injecting exogenous 𝑎-synuclein (a neurotoxic amyloid in Parkinson’s disease) into 
rats’ intestines and detecting its transport into the brain via the vagal nerve [19]. Amyloids are highly ordered protein 
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aggregates made by eukaryotes and prokaryotes [20, 21]. Amyloidal proteins have been the focus of studies due to their 
specific cross-ß sheet structure, which allows for their detection by simple assays such as Congo Red staining [22]. 
Amyloidal protein aggregates have been recognized for their proteotoxicity, with a particular emphasis placed on human-
derived amyloids eliciting PCD phenotypes in vitro and in vivo [19, 23, 24]. In a limited number of bacterial species, the 
effect of amyloids has also been investigated for heterologous seeding of host metastable proteins. For example, FapC, a 
Pseudomonas aeruginosa secreted functional amyloid, was shown to be proteotoxic to the host and cross-seed with host 

proteins associated with PCDs [25]. Additional studies have demonstrated that E. coli curli fibers increase -synuclein 
aggregation in rodents and C. elegans [11, 26]. While bacterial amyloid proteins contribute to the disruption of host 
proteostasis, much less is known about the effect of non-amyloidal protein aggregates.  
 
In comparison to amyloids, bacterial protein aggregates that are non-amyloidal and thus not compatible with standard 
amyloid detection assays are much less studied. More recently, a growing body of evidence has shed light on the 
contributions of non-amyloidal BDPAs to bacterial virulence and persistence [27], but their influence on host proteostasis 
remains less understood and was first highlighted in our earlier work [12]. We previously used C. elegans expressing 
polyglutamine (polyQ) tracts as sensors for the protein folding environment to investigate the effect of E. coli curli 
amyloids on polyQ aggregation in C. elegans. While E. coli mutants lacking CsgA (the major structural subunit of curli) and 
CsgD (the master regulator of the curli operon) were both deficient in curli production as assessed by Congo Red staining, 
it was interesting to find that only one mutant, ∆csgD, decreased polyQ aggregation in C. elegans, indicating a curli-
independent induction of polyQ aggregation. A more sensitive protein aggregate detection assay revealed that ∆csgD, but 
not ∆csgA cells, were also deficient in total BDPA production, revealing a potential contribution of non-amyloidal BDPAs 
to host proteostasis.  
 
In the present study, we employed pharmacological and genetic means to demonstrate the effect of BDPAs on host 
proteostasis as assessed by C. elegans polyQ aggregation. We used a protein aggregation detection assay, ProteoStat, to 
identify a positive correlation between BDPAs and polyQ aggregation in C. elegans. Furthermore, butyrate influenced this 
correlation, likely through its effect on bacteria and the host; a result that explains our previous data demonstrating that 
at a low concentration, butyrate increases P. aeruginosa-mediated polyQ aggregation in C. elegans [12]. Moreover, 
bacteria deficient in RpoS, a general stress transcription factor that protects cells from misfolded proteins [28], 
accumulated more BDPAs and increased polyQ aggregation upon colonization of the C. elegans intestine. In agreement 
with BDPAs being significant contributors to the disruption of host proteostasis, we found that gentamicin, an 
aminoglycoside antibiotic that induces protein misfolding secondary to mistranslation, also resulted in increased BDPAs 
and consequently polyQ aggregation. Together our data indicate that bacterial misfolded or aggregation-prone bacterial 
proteins directly contribute to the disruption of the host protein folding environment. These results demonstrate that 
bacterial proteomes are not inert to the host proteome, and that disruption of bacterial proteostasis ultimately affects 
the host and likely the pathogenesis of PCDs.  

 
 
Results 
Bacteria-mediated induction of host polyQ aggregation correlates with the abundance of BDPAs  
Using C. elegans expressing fluorescently-labeled polyQ tracts as sensors for the protein folding environment, we 
previously identified the effect of bacteria on host proteostasis in a screen of species commonly found in the HGM [12]. 
Out of over 20 bacterial candidates tested, we found the most robust enhancers and suppressors of polyQ aggregation in 
C. elegans were Pseudomonas aeruginosa and Prevotella corporis, respectively. As such, in the present study, we chose 
these two strains to investigate the influence of BDPAs on host proteostasis. To accomplish this, we assessed the relative 
abundance of BDPAs in both strains using ProteoStat, a protein aggregate detection assay that has superior specificity to 
protein aggregates [29], and correlated BDPA levels with bacteria-mediated induction of polyQ aggregation. In agreement 
with our previous data, we found that P. aeruginosa significantly induced polyQ aggregation in the intestine relative to 
the control E. coli strain, while P. corporis significantly suppressed polyQ aggregation upon intestinal colonization (Fig 1A). 
The ProteoStat assay revealed that the extent of polyQ aggregation enhancement mediated by these bacteria is directly 
proportional to the abundance of BDPAs that originate from their respective strain (Fig 1B-C). These results suggest that 
host proteostasis is affected by BDPAs, emphasizing the importance of the bacterial composition within the HGM.  
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Figure 1. The extent of polyQ aggregation in the C. elegans gut upon bacterial colonization correlates with the relative 
abundance of BDPAs. A) The effect of P. aeruginosa PAO1 and P. corporis HM-1294 colonization of the C. elegans intestine 
on polyQ aggregation. Data are represented as the average number of polyQ aggregates per C. elegans intestine. Each 
data point is an average of three independent experiments with a total of 60 worms.  B) ProteoStat assay quantification 
of total protein aggregates produced by E. coli OP50, P. aeruginosa PAO1, and P. corporis HM-1294. Data are represented 
as the average fluorescent signal per bacterial strain stained with ProteoStat. Each data point is an average of two 
independent experiments with three internal replicates per run. C) A positive correlation between the average number of 
polyQ aggregates and BDPAs. Error bars represent standard error of the mean (SEM). Statistical significance was calculated 
using one-way analysis of variance (ANOVA) followed by multiple comparison Dunnett’s post-hoc test (*p< 0.05, **p< 
0.01, ****p< 0.0001).  
 
Low-concentration butyrate enhances P. aeruginosa BDPAs 
We previously found that both exogenous and endogenous butyrate suppressed bacteria-mediated polyQ aggregation 
and the associated toxicity, but at low concentrations in the presence of specific bacteria including P. aeruginosa, butyrate 
actually enhanced polyQ aggregation [12]. Such an effect was not observed when worms were colonized with the E. coli 
OP50 control strain; therefore, we wanted to investigate BDPAs as a possible mechanism by which P. aeruginosa 
contributes to the disruption of host proteostasis. To accomplish this, we assessed the abundance of P. aeruginosa BDPAs 
in the absence and presence of butyrate. Our results reveal that while butyrate suppressed intestinal polyQ aggregation 
in the presence of E. coli (Fig 2A) with no significant change in BDPAs (Fig 2B), it enhanced P. aeruginosa-mediated polyQ 
aggregation (Fig 2C) and BDPAs (Fig 2D). It is not clear how butyrate may affect host proteostasis by targeting bacteria, 
but our further work shows that, unlike E. coli, P. aeruginosa can utilize butyrate as a carbon energy source, suggesting 
that its metabolism may play a role in the increased abundance of BDPAs and pathogenicity in the context of host 
proteostasis (SFig 1). These results further support that the bacterial influence on host proteostasis is mediated, at least 
in part, by BDPAs.  
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Figure 2. Low-concentration butyrate increases the abundance of P. aeruginosa BDPAs, which contributes to polyQ 
aggregation in C. elegans. The effect of A) E. coli OP50 and C) P. aeruginosa PAO1 colonization of the C. elegans intestine 
on polyQ aggregation in the absence (-Bt) and presence (+Bt) of 12.5 mM butyrate. Data are represented as the average 
number of polyQ aggregates per C. elegans intestine. Each data point is an average of three independent experiments 
with a total of 60 worms. ProteoStat assay quantification of total protein aggregates produced by B) E. coli OP50 and D) 
P. aeruginosa PAO1 in the absence (-Bt) and presence (+Bt) of butyrate. Data are represented as the average ProteoStat 
fluorescent signal per bacterial strain per treatment. Each data point is an average of two independent experiments with 
three replicates per run. A-D) Error bars represent SEM. Statistical significance was calculated using Student’s t-test (**p< 
0.01, ****p< 0.0001).  
 
Deletion of E. coli RpoS sigma-factor increases BDPAs and polyQ aggregation upon colonization of the C. elegans gut  
Thus far, our results suggest that bacterial proteomes affect host proteostasis. To further investigate the contribution of 
bacterial proteins to the stability of host proteostasis, we used an E. coli strain deficient in RpoS, a sigma factor involved 
in protecting against protein misfolding [28]. As predicted, we found that a deletion of the rpoS gene results in significantly 
elevated levels of BDPAs compared to wild-type E. coli (Fig 3A). We hypothesized that if bacterial proteins affect the host 
proteome, then C. elegans colonized by E. coli ∆rpoS should exhibit higher polyQ aggregation. To test this hypothesis, we 
colonized worms with bacteria carrying the rpoS deletion and, indeed, found a significantly higher polyQ aggregation 
compared to worms colonized by the wild-type strain (Fig 3B). To confirm that ProteoStat is a sufficient readout of BDPA 
levels, we extracted and separated soluble and insoluble protein fractions from bacterial cells by sodium dodecyl sulfate-
polyacrylamide gel electrophoresis and visualized total protein by staining the gel with Coomassie (Fig 3C), which is an 
established method to assess protein aggregate levels [30]. The quantification of stained proteins confirmed that the rpoS 
knockout had a significantly greater level of insoluble proteins, supporting our ProteoStat data and the overall hypothesis 
(Fig 3D). Because RpoS is an upstream regulator of the CsgD global transcriptional regulator, which also regulates the 
expression of the CsgA curli subunit, we wanted to ensure that its deletion abrogates curli production. As expected, RpoS-
deficient E. coli cells lacked amyloid proteins (Fig 4A), which was consistent with previous reports [31]; yet, their 
colonization of the C. elegans intestine increased polyQ aggregation, most likely due to the presence of aggregating 
proteins that were detected by the ProteoStat assay (Fig 4B).  
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Figure 3. E. coli rpoS has increased levels of BDPAs and its colonization of the C. elegans intestine induces polyQ 
aggregation. A) ProteoStat assay quantification of total protein aggregates produced by E. coli wild-type (WT) and rpoS 
deletion (∆rpoS). Data are represented as the average ProteoStat fluorescent signal per bacterial strain. Each data point 
is an average of two independent experiments with three internal replicates per run. B) The effect of E. coli wild-type (WT) 
and rpoS deletion (∆rpoS) colonization of the C. elegans intestine on polyQ aggregation. Data are represented as the 
average number of polyQ aggregates per C. elegans intestine. C) An SDS-polyacrylamide gel electrophoresis of insoluble 
and soluble fractions from whole-cell lysate (Bacteria) and supernatant (Secreted) proteins. Image is representative of the 
results obtained from three independent experiments. Each data point is an average of three independent experiments 
with a minimum of 84 worms. The empty lane contains Lennox broth medium only (LB). D) Image-J (FIJI) quantification of 
proteins from (C). Data are representative of three independent experiments.  A, B, D) Error bars represent SEM. Statistical 
significance was calculated using Student’s t-test (*p< 0.05, **p< 0.01, ****p< 0.0001). 
 

 
Figure 4. E. coli strain lacking RpoS induces polyQ aggregation through a mechanism independent of amyloid 
production. A) Congo Red staining of amyloids in E. coli lacking RpoS (ΔrpoS) and wild-type (WT). B) A summary of the 
results indicating the absence of amyloids as assessed by the absence of Congo Red staining (No), change in the BDPAs 
assessed by the ProteoStat dye, and the effect on polyQ aggregation upon colonization of the C. elegans intestine. We 
previously showed that unknown product(s) (?) regulated by CsgD contributes to polyQ aggregation and that CsgA (major 
structural subunit of curli) had no effect on polyQ [12].  
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Gentamicin increases the abundance of E. coli BDPA and polyQ aggregation in the C. elegans intestine 
Aminoglycoside antibiotics, such as gentamicin, bind to the bacterial 30S ribosomal subunit leading to mistranslation, 
increased presence of misfolded proteins, and eventually cell death [32]. We used a sub-lethal concentration of 
gentamicin to determine if we could increase the presence of misfolded proteins and consequently affect C. elegans 
proteostasis upon intestinal colonization. Initially, we assessed the effect of gentamicin on the presence of BDPAs using 
the ProteoStat assay. We found that a low and non-bactericidal concentration of gentamicin significantly increased the 
abundance of BDPAs (Fig 5A, SFig 2A). Further experiments demonstrated that colonization of the C. elegans intestine in 
the presence of a sub-lethal gentamicin concentration on solid nematode growth medium (NGM) significantly enhanced 
polyQ aggregation (Fig 5B, SFig 2B). These results are intriguing as they suggest that aminoglycosides directly contribute 
to the disruption of bacterial proteostasis, ultimately affecting the protein folding environment in the host. Collectively, 
our results further support that BDPAs influence host proteostasis and likely contribute to the onset and progression of 
PCDs.  
 

 
 
Figure 5. Gentamicin-induced disruption of bacterial proteostasis increases polyQ aggregation in the C. elegans 
intestine. A) ProteoStat assay quantification of total protein aggregates produced by E. coli OP50 in liquid culture in the 
absence (-Gent) or presence (+Gent) of 1 µg/mL gentamicin, a non-effective concentration (SFig 2A). Data are represented 
as the average ProteoStat fluorescent signal per bacterial strain per treatment. Each data point is an average of two 
independent experiments with three internal replicates per run. B) Intestinal polyQ aggregation in C. elegans colonized 
with E. coli OP50 in the absence (-Gent) or presence (+Gent) of 200 µg/mL, a sub-lethal concentration (SFig 2B). Data are 
represented as the average number of polyQ aggregates per C. elegans intestine. Each data point is an average of three 
independent experiments with a minimum of 90 worms. A-B) Error bars represent SEM. Statistical significance was 
calculated using Student’s t-test (**p< 0.01, ****p< 0.0001).  

 

 
Figure 6. Model figure demonstrating the contribution of misfolded and aggregation-prone bacterial proteins to the 
disruption of host proteostasis.  
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Discussion 
In the present study, we demonstrated that the abundance of bacterial protein aggregates positively correlates with the 
extent to which these bacteria induce polyQ aggregation in C. elegans upon intestinal colonization. Two distinct bacteria, 
P. aeruginosa and P. corporis, either induce or suppress, respectively, polyQ aggregation upon intestinal colonization, 
depending on the amount of protein aggregates they produce. These results are intriguing as they suggest that the 
composition of bacterial proteomes can directly affect host proteostasis (Fig 6). While it was long suspected that gut 
bacteria contribute to the pathogenesis of neurodegenerative diseases, our results reveal a potential mechanism 
indicating that bacterial non-amyloidal protein aggregates are a major culprit. Previous studies show that bacterial 
infections can affect cognitive function. For example, P. aeruginosa infection in a mouse model led to a loss of memory 
[33], whereas in humans, this bacterium is linked to cognitive decline and mood disorders [34-36]. How exactly P. 
aeruginosa affects its host remains unknown; however, microbial protein aggregates provide a feasible explanation by 
which these species can affect the stability and function of the host proteome, possibly through heterologous cross-
seeding or sequestering the function of the host proteostasis machinery. Introducing protein aggregates into the 
proteome was previously shown to affect folding of other destabilized proteins [17]. Furthermore, microbial products, 
particularly amyloids, have been shown to induce aggregation of host proteins [18]. For example, P. aeruginosa 
rhamnolipids, secreted surfactants, were shown to enhance aggregation of human 𝛼-synuclein [37], and its functional 
amyloid, FapC, was involved in heterologous cross-seeding with amyloid-beta [25]. Combined with our data, these results 
may explain why P. aeruginosa abundance is overrepresented in patients with PCDs [38, 39]. Additionally, P. aeruginosa 
can adhere to the intestinal epithelial barrier and secrete virulence factors that damage the intestinal epithelium [40]. 
Damage to the gut epithelium can lead to intestinal permeability, known as “leaky gut syndrome”, increasing the chances 
of bacterial displacement [41]. Increased abundance of bacteria and their products have been found in patients with PCDs, 
including brains of Alzheimer’s disease patients [42-44]. In addition to contributing its aggregating proteins and 
compromising gut permeability, P. aeruginosa is also known to trigger the production and release of host amyloid proteins 
that are directly associated with PCDs [45, 46]. With an estimated 8% of the population being asymptomatically colonized 
by P. aeruginosa, this bacterium may be one of the primary silent microbial contributors to neurodegenerative diseases 
[47]. 
  
Recent studies, including our work, indicate that Prevotella spp. provide protection against protein misfolding and 
aggregation, and a lower abundance of these bacteria in the human gut microbiota is associated with increased prevalence 
and pathogenicity of PCDs, including PD, AD, and ALS [48-55]. Although previous reports suggest that Prevotella spp. may 
protect against oxidative stress, the exact mechanism by which they enhance host proteostasis is not known [56]. Our 
data indicate that Prevotella did not lead to increased polyQ aggregation upon C. elegans intestinal colonization because 
of the low abundance of BDPAs, and together with the aforementioned role in oxidative stress, it may provide protection 
against proteotoxicity; though, further studies are needed to reveal the exact mechanism.  
 
Butyrate is a short-chain fatty acid that was shown to be beneficial to host health [57]. Moreover, its benefits extend to 
protection against PCDs in animal models [58-61] and humans, as a decreased abundance of butyrate and butyrogenic 
bacteria has been associated with neurodegenerative diseases [62-64]. In a previous study, we found that butyrate 
suppresses bacteria-induced polyQ aggregation across tissues, but the suppression depended on the bacteria that 
colonized the gut [12]. For example, ≤25 mM butyrate enhanced polyQ aggregation in the presence of P. aeruginosa. 
Given that the physiological concentration of butyrate in the gut is estimated at 10-20 mM and over 8% of the population 
is asymptomatically colonized by P. aeruginosa, these results may emphasize a significant contributor to the pathogenesis 
of PCDs [47, 65]. Our present results (Fig 2) showing that a low concentration of butyrate increases P. aeruginosa BDPAs 
may explain the increase of polyQ aggregation. While it remains elusive as to why a low concentration of butyrate 
increases P. aeruginosa-induced proteotoxicity in the host, our results demonstrate that these bacteria can utilize butyrate 
as their sole carbon source (SFig 1), which could contribute to the increased production of BDPAs, and as a result, make 
them more virulent. Nakanishi et al. found that at low concentrations, butyrate enhanced virulence of 
enterohaemorrhagic E. coli [66]. Recently, it was shown that low concentrations of short-chain fatty acids increase the 
growth and metabolic activity of a Mycobacterium avium [67]. Our results also emphasize the importance of a balance 
between commensal butyrogenic bacteria and detrimental microbes that potentially contribute to the disruption of host 
proteostasis; however, more research needs to be done to determine the exact effect of butyrate on P. aeruginosa and 
to demonstrate if this is the case in vivo.   
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We demonstrated that an E. coli strain deficient in RpoS, a sigma factor involved in the regulation of stress responses and 
protein folding in bacteria [28, 68], exhibits a higher abundance of BDPAs, which likely contributes to the increase in C. 
elegans polyQ aggregation upon intestinal colonization. RpoS levels significantly increase upon heat shock to provide 
protection against aggregation-prone proteins [69, 70]. Therefore, we expect that the absence of RpoS leads to an 
increased abundance of destabilized and aggregating proteins, which would explain why we see a significantly higher 
abundance of E. coli BDPAs in the RpoS deletion strain (Fig 3, Fig 4B). In agreement with previously published results [31], 
our Congo Red staining confirmed that the RpoS deletion strain is deficient in curli, indicating that BDPAs that contribute 
to the disruption of host proteostasis, as measured by polyQ aggregation, are not specific to the amyloid family. The lack 
of influence of bacterial amyloids on polyQ aggregation is surprising but consistent with our previous results. However, 
because bacterial amyloids are known to affect the stability of host aggregation-prone and disease-associated proteins, 
including 𝛼-synuclein and amyloid-beta, the model that we present (Fig 6) is inclusive of all bacterial-derived aggregating 
proteins, including both amyloid and non-amyloid BDPAs. The contribution of such non-specific bacterial protein 
aggregates to the stability of host proteostasis is significant as it suggests that the abundance of certain species, such as 
P. aeruginosa, in the human gut may be detrimental, especially in the presence of a low and physiologically-relevant 
concentration of butyrate.  
 
We used pharmacological means to disrupt protein folding in bacteria to further support our conclusion that bacteria-
derived protein aggregates affect host proteostasis. Gentamicin is a broad-spectrum aminoglycoside antibiotic that 
induces bacterial death by increasing mistranslation, consequently leading to protein aggregation and cell death [32, 71, 
72]. In agreement with all of the results presented here, we observed an enhancement of BDPAs in gentamicin-treated E. 
coli, and we saw a significant gentamicin-dependent increase in polyQ aggregation upon intestinal colonization. These 
results are intriguing as aminoglycoside antibiotics are commonly used in a clinical setting and could exacerbate 
neurodegenerative diseases. In addition, the administration of antibiotics induces dysbiosis between commensal bacteria, 
targeted non-specifically, and detrimental gram-negative bacteria, which are intrinsically resistant. Two recent studies 
have linked antibiotic use with increased risk for neurodegenerative diseases [16, 73]. While it is difficult to determine 
whether antibiotics indirectly affect disease pathogenesis through bacteria, or whether it is the contribution of the 
infection itself, our data suggest that it is likely both; bacteria alone can induce protein misfolding and aggregation in the 
host, and antibiotics can potentiate this effect by increasing BDPAs.  
 
Our findings call for more investigation into the specific characteristics of non-amyloidal BDPAs that affect host 
proteostasis. Identification of specific aggregating proteins could reveal bacteria that are the most robust contributors to 
the pathogenesis of PCDs. The elimination of these bacteria from the gut microbiome through personalized therapeutics 
based on the composition of the patient microbiome could offer a new disease management strategy [74]. 
 
 
Materials and Methods 
Bacterial strains and culture 
A list of bacterial strains used in this study can be found in Supplemental Table 1. Bacteria were cultured under different 
conditions described under each experiment.  
 
C. elegans maintenance and strains 

Nematodes were maintained using previously established protocols [75]. All cultures were kept at 22.5C. The C. elegans 
strain used in this study can be found in Supplemental Table 1.  
 
Aggregate quantification 

P. aeruginosa, P. corporis, and E. coli OP50 were grown at 37 C on Tryptic Soy Agar (TSA) plates supplemented with 5% 

defibrinated sheep blood. P. corporis was kept at 37 C in an anaerobic chamber with AnaeroPacks. Bacterial lawns were 
resuspended in M9 minimal medium, spotted onto NGM plates, and allowed to dry overnight prior to transferring worms. 

E. coli ∆rpoS and E. coli WT were grown aerobically overnight in Lennox Broth (LB) in a 37 C incubator shaking at 220 
RPM, seeded on NGM plates and dried for two days prior to worm plating. PolyQ aggregates were quantified as previously 
described [12]. In brief, age-synchronized worms (L1 stage) were plated on NGM plates. After four days, worms were 
washed off plates using M9, washed once if necessary to remove bacteria, and transferred to 96-well plates. The plates 
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were frozen at -20 C for 1-2 days. Unless otherwise stated, aggregates were quantified using Leica MZ10F Modular Stereo 
Microscope equipped with CoolLED pE300lite 365 dir mount STEREO with filter set ET GFP- MZ10F.  
 
ProteoStat assay  
The assay was carried out as previously described [12]. Briefly, P. aeruginosa, P. corporis, and E. coli OP50 were grown in 

Reinforced Clostridial Broth (RCB) overnight in a 37 C incubator shaking at 220 RPM. E. coli ∆rpoS and E. coli WT were 

grown aerobically overnight in Lennox Broth (LB) in a 37 C incubator shaking at 220 RPM. A 200 μL fraction of each 
overnight culture adjusted to OD600 = 0.5 was transferred into a 96-well plate in sets of nine per each condition or strain. 

Plates were sealed with parafilm and kept at 26 C for two days. Following incubation, broth was removed, and wells were 
washed twice with ddH2O. Adhered biofilm was resuspended by vigorous pipetting in 100 μL 1x ProteoStat Assay Buffer. 
The nine wells per strain/condition were split into sets of three, and cell suspensions from three wells were pooled into a 
single 300 μL set. Ninety-eight microliters of the pooled fractions were transferred into a black, clear-bottom 96-well plate, 
and 2 μL of 1x ProteoStat Detection Reagent was added to each well. The content was mixed by pipetting followed by a 
15-minute incubation at room temperature in the dark. Fluorescence was read at excitation wavelength 550 nm and 
emission wavelength 600 nm in a Tecan Infinite 200 Pro plate reader.  
 
Butyrate treatment 

P. aeruginosa and E. coli cultures were grown aerobically in RCB overnight in a 37 C incubator shaking at 220 RPM. For C. 
elegans aggregate quantification, overnight cultures were seeded on NGM plates supplemented with 12.5 mM sodium 
butyrate or controls lacking the compound. Cultures were spread evenly across the plate to ensure uniform coverage of 
the bacterial lawn. Plates were left to dry for two days prior to plating worms. Worms were plated as L1s for 4 days and 
aggregates were quantified as described in “Aggregate quantification”. For ProteoStat experiments, bacteria were grown 

in RCB overnight in a 37 C incubator shaking at 220 RPM, diluted to OD600 = 0.5 with RCB, supplemented with 12.5 mM 

sodium butyrate, kept stationary at 26 C and assayed after two days as described in “ProteoStat assay”. 
 
Butyrate as carbon source growth curve 
Overnight LB cultures of P. aeruginosa and E. coli OP50 were pelleted down, washed 3x with M9 minimal medium to 
remove all traces of media, and resuspended in M9 to a final OD600=1. Two hundred microliters of 1:100 dilution of bacteria 
in M9 supplemented with either 0.2% glucose or 0.2% sodium butyrate was added to each well of a 96-well plate in 

duplicates or triplicates. As E. coli OP50 is a uracil autotroph, 4 g/mL uracil was also supplemented in the M9 minimal 

medium used for this strain. The plate was incubated at 37 C in a Tecan Infinite 200 Pro plate reader for 24 hours. Every 
30 minutes, the plate was shaken for 5 seconds, and OD600 readings were taken.  
 
Protein gel and Coomassie staining 
Insoluble and soluble protein fractions were obtained and a protein gel was visualized as previously described [30] with a 

few modifications. In brief, E. coli ∆rpoS and E. coli WT were grown for 14-16 hours in LB in a 37 C incubator shaking at 

220 RPM. Four milliliters of bacteria at OD600=1 was pelleted at 3000 xg for 15 minutes at 4 C. Seven hundred fifty 
microliters of supernatant were removed from each tube and kept on ice for later analysis of secreted proteins. All 
additional supernatant was then removed and discarded, and 50 μL of ice-cold lysis buffer (10 mM potassium phosphate 
pH 6.5, 1 mM EDTA, 20% sucrose, 1 mg/mL lysozyme, and 50 u/mL benzonase) was used to resuspend cell pellets. Samples 

were incubated for 30 minutes on ice followed by flash-freezing by dipping tubes in 200-proof ethanol at -80 C for 10 
minutes. After thawing on ice, 360 μL of ice-cold Buffer A (10 mM potassium phosphate pH 6.5, 1 mM EDTA) was added 
only to the cell samples. Cell samples were transferred to lysing matrix A tubes (lysing tubes had the large bead removed 
and only glass particles left in the tubes). Four microliters of 1 mM PMSF was added to each sample. Cell samples were 

homogenized in the Beadbug™3 Microtube Homogenizer for 30 minutes at 1400 RPM and 4 C. The samples were then 
incubated on ice for 5 minutes to settle glass particles. Two hundred microliters of cell lysate was transferred to new 

microcentrifuge tubes followed by a 20-minute centrifugation at 16,000 xg at 4 C. The supernatant was removed and 
kept separately as a measure for non-secreted soluble proteins.  
The following procedures were applied to both the samples for secreted and non-secreted insoluble proteins: samples 

were resuspended in 200 μL of Buffer A and centrifuged at 16,000 xg at 4 C for 20 minutes. After removing all supernatant, 
samples were resuspended in 200 μL of Buffer B (10 mM potassium phosphate pH 6.5, 1 mM EDTA, 2% Nonidet P-40) and 

centrifuged at 16,000 xg at 4 C for 20 minutes. All supernatant was removed. Samples were resuspended in 200 μL of 
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Buffer A, and centrifuged at 16,000 xg at 4 C for 20 minutes. After removing all supernatant, samples were resuspended 

in 100 μL total volume of 1x sample buffer and 1x reducing agent and incubated for 5 minutes at 95 C. Samples were 

stored at -20 C until use.   
The procedure for soluble proteins was the following: 200 μL of the sample was mixed with 50 μL 100% trichloroacetic 

acid. Samples were incubated for 10 minutes at 4 C; a white precipitate formed at this time. Samples were centrifuged 

at 21,000 xg for 5 minutes at 4 C. After removing all supernatant, samples were washed with 200 μL of ice-cold acetone. 

Samples were then centrifuged at 21,000 xg for 5 minutes at 4 C. This acetone wash was repeated twice, for a total of 
three washes. After removing all supernatant after the final wash, microcentrifuge tubes were heated to 37 °C with lids 
open for no more than 5 minutes to facilitate evaporation of excess acetone. Samples were resuspended in 100 μL total 

volume of Criterion XT™ 1x sample buffer and 1x reducing agent, boiled for 5 minutes at 95 C, and stored at -80 C until 
use. 
Both insoluble and soluble fractions, for secreted and non-secreted proteins, were run on a single gel. The Criterion™ 
Electrophoresis Cell was filled with 1 L of Criterion XT™ MOPS buffer, and loaded with a Criterion™ XT  Precast Gel. 
Eighteen microliters of each sample were loaded into each well. The gel was run until the indicator band reached the 
bottom of the gel. The gel was incubated in Fairbanks A staining solution at room temperature for 30 minutes on an orbital 
shaker. The gel was de-stained overnight using Fairbanks D de-staining solution on an orbital shaker.  
The gel was imaged on the iBright FL1000 Imaging System. The resultant image was analyzed using the FIJI image 
processing plugin. Details are in “Image J Quantification”.  
 
Image J quantification 
The gel image was loaded into FIJI and cropped down to include only the relevant area. Then, FIJI’s native rolling-ball 
background subtraction at a radius of 400 pixels was applied to the image. Finally, the mean gray value of each column 
was measured using FIJI’s Measure tool. Corresponding data points were normalized to the value of the WT. 
 
Gentamicin treatment 

E. coli OP50 culture grown aerobically in LB overnight in 37 C incubator shaking at 220 RPM was used to seed NGM plates 
supplemented with 0.2 mg/mL gentamicin or controls lacking the antibiotic. Cultures were spread evenly across the plate 
to ensure uniform coverage of the bacterial lawn. Plates were left to dry for two days prior to plating worms. The aggregate 
quantification was carried out as described in “Aggregate quantification” with the exception that aggregates in C. elegans 
exposed to gentamicin and non-gentamicin control were counted using Zeiss Axiovert S100 equipped with Achrostigmat 
10X Ph1 phase-contrast infinity microscope objective (0.25NA), Chroma EGFP/FITC long-pass filter set (19002), and a 

mercury lamp. For ProteoStat experiments, bacteria were grown in RCB overnight in a 37C incubator shaking at 220 RPM, 

diluted to OD600 = 0.5 with RCB, supplemented with a final concentration of 1 g/mL gentamicin, kept stationary at 26 C 
and assayed after two days as described in “ProteoStat assay”. 
 
Gentamicin growth curve 

Serial dilutions of gentamicin (12.5-0 g/mL) were prepared in a 96-well plate in 50 L of LB per well. An equal volume of 
overnight E. coli OP50 culture diluted to 1:500 of OD600=1 was added to each well, diluting the final concentrations of 

gentamicin by half (6.25-0 g/mL). The plate was incubated at 37 C in a Tecan Infinite 200 Pro plate reader for 20 hours. 
Every 30 minutes, the plate was shaken for 5 seconds, and OD600 readings were taken. Assays were performed in 
triplicates. 
 
Gentamicin viability assay 
Bacteria were seeded onto either plain or 0.2 mg/mL gentamicin-supplemented NGM plates. The plates were left to dry 

for two days at room temperature. The bacterial lawns were wash off with 100 L of LB, transferred into a sterile tube, 

and 10 L was inoculated into LB for an overnight culture. The next day, growth was confirmed in the overnight cultures 
and photographs were taken. 
 
Congo Red assay 
Curli production was determined by Congo Red plate assay as previously described [12]. In brief, Congo Red agar plates 
were made using LB medium without salt (5 g yeast extract and 10 g Bacto tryptone per liter of ddH2O). After autoclaving, 
filter-sterilized solutions of Congo Red and Brilliant Blue G250 were added for final concentrations of 50 μg/mL and 1 
μg/mL, respectively. The resulting solution was stirred, and plates were poured. Overnight cultures were adjusted to 
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OD600=1, and 25 μL of each strain was spotted in a quadrant of a Congo Red agar plate. The plate was incubated at 26 C 

for two days, 4 C for another two days, and photographs were taken. 
 
Quantification and statistical analysis 
Data were considered statistically significant when P<0.05 was obtained by Student’s t-test or one-way analysis of variance 
(ANOVA) followed by multiple comparison Dunnett’s post-hoc test as indicated in figure legends. Asterisks denote 
corresponding statistical significance (*p<0.05, **p<0.01, ***p<0.001, ****p<0.0001. Error bars represent standard error 
of the mean (SEM). Statistical analysis was performed using GraphPad Prism 9.3.1 software. 
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SUPPLEMETAL TABLE 1 
 

REAGENT OR RESOURCE SOURCE IDENTIFIER 

Bacterial strains   

E. coli OP50 Caenorhabditis Genetics 
Center 

WB OP50; RRID: WB-STRAIN: 
OP50; NCBI TaxID: 637912; 
DC199 

Pseudomonas aeruginosa PAO1 Shuman Lab (University of 
Chicago) 

PAO1; DC3 

Prevotella corporis BEI Resources HM1294, MJR7716 

E. coli WT Dr. Roy Curtiss III Lab 
(University of Florida) 

𝜒7122 

E. coli ∆rpoS Dr. Roy Curtiss III Lab 
(University of Florida) 

𝜒7149 

C. elegans strains   

AM738: rmIs297[vha-6p::q44::yfp; rol-6(su1006)] Morimoto Lab (Northwestern 
University) 

AM738, Q44::YFP 

Chemicals and commercial assays   

Cholesterol Fisher Scientific Cat#ICN10138201 

Sodium butyrate Fisher Scientific Cat#A11079-22 

Criterion™ XT Precast Gel BioRad Cat#3450124 

XT 4x Sample Buffer BioRad Cat#1610791 

XT 20X Reducing Agent BioRad Cat#1610792 

XT MOPS BioRad Cat#1610788 

Congo Red Acros Organics Cat#22962-0250 

Brilliant Blue G-250 Fisher Biotech CAS#6104-58-1 

LB (Lennox) Apex Cat#11-125 

ProteoStat™ Protein aggregation assay Enzo Product #ENZ-51023-KP002 

Reinforced clostridial broth (RCB) Oxoid Code CM0149 

Potassium Phosphate Monobasic Fisher Scientific Cat#P285-500 

Ethylenediaminetetraacetic Acid (EDTA) Fisher Scientific Cat#S311-100 

IGEPAL® CA-630 Sigma Aldrich Cat#I8896 

Brilliant Blue R-250 Fisher BioReagents Cat#BP101-25 

Isopropanol Fisher Scientific Cat#BP2618-1 

Glacial Acetic Acid Fisher Scientific Cat#A38-212 

Sucrose Sigma Aldrich Cat#S9378-500G 

Tris base Research Products 
International 

Cat#T60040-1000.0 

Acetone Fisher Scientific Cat#A18P-4 

Trichloroacetic Acid Fisher Scientific Cat#A322-500 

Gentamicin Fisher Scientific Cat#15750060 

BenzonaseTM nuclease Sigma Aldrich Cat#E1014-5KU 

Lysozyme Sigma Aldrich Cat#L6876 

Precision Plus Protein Dual Color Standards BioRad Cat#1610374 

Phenylmethylsulfonyl fluoride (PMSF) Sigma Aldrich Cat#P7626 

AnaeroPack™-Anaero Anaerobic Gas Generator ThermoFisher Scientific Cat#R681001 

Fisher BioReagents™ Agar Fisher Scientific Cat#BP1423-2 
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BD Bacto™ Tryptic Soy Broth without Dextrose Becton, Dickinson and 
Company 

Cat#286220 

Defibrinated Sheep Blood ThermoFisher Scientific Cat#R54020 

Thermo Scientific™ AnaeroPack™ 7.0L Rectangular 
Jar 

Fisher Scientific Cat#23-246-387 

Equipment Used   

Beadbug™3 Microtube Homogenizer Benchmark Scientific Cat#D1030 

The Belly Dancer™ Orbital Platform Shaker IBI Scientific Cat#BDRLS0001 

Tecan Infinite M Nano+ Microplate Reader Tecan Cat#30190087 

Leica MZ10F Modular Stereo Microscope Leica Microsystems Cat#10450103 

Zeiss Axiovert S100 Zeiss  

Archrostigmat 10X Ph1 phase-contrast infinity 
objective (0.25NA) Chroma EGFP/FITC long-pass 
filter set (19002) 

Zeiss  

CoolLED pE300lite 365 dir mount STEREO CoolLED Cat#pE-300-LT-D-MB-YYY-ZZ 

Eyepiece, 10x23B, adjustable, 3d gen Leica Microsystems Cat#10450910 

Filter set ET GFP- MZ10F Leica Microsystems Cat#10450588 

PowerPac 300 Electrophoresis Power Supply BioRad Cat#1655050 

Criterion™ Cell BioRad Cat#1656001 

Lysing Matrix A MP Biomedicals Cat#116910050-CF 

iBright FL1000 Imaging System Invitrogen Cat#A32752 

Software and Algorithms   

GraphPad Prism v9.3.1 GraphPad Software, Inc https://www.graphpad.com 

FIJI Image Processing Package Image J https://imagej.net/software/fiji/ 

BioRender BioRender www.biorender.com 

 
 
Acknowledgments 
We thank Dr. Richard Morimoto and Sue Fox (Northwestern University) for generously providing the C. elegans strain used 
in this paper. We would also like to thank Dr. Roy Curtiss III (University of Florida) for generously providing bacterial strains. 
Finally, we want to thank Mark Gorelik for technical advice on experiments. Cartoon figure was created using 
BioRender.com.  Prevotella corporis strain MJR7716 HM-1294 was obtained through BEI Resources, NIAID, NIH as part of 
the Human Microbiome Project. This project was partially funded by The National Institutes of Health (R03AG070580-01), 
Infectious Diseases Society of America, and the USDA National Institute of Food and Agriculture, Hatch project FLA-MCS-
005756. 
 
 
Author Contributions 
Conceptualization ACW, DMC; methodology ACW, RB, DMC; software ACW, DMC; validation ACW, RB, DMC, 
investigation all authors; original draft preparation ACW, DMC; writing-review and editing all authors; visualization ACW, 
DMC; supervision DMC. All authors have read and agreed to the published version of the manuscript.  
 
Conflicts of Interest 
The authors have declared that no conflicting interests exist. 
 
References: 

1. Soto, C., Unfolding the role of protein misfolding in neurodegenerative diseases. Nature Reviews 

Neuroscience, 2003. 4: p. 49-60. 

2. El-Hayek, Y.H., R.E. Wiley, C.P. Khoury, R.P. Daya, C. Ballard, A.R. Evans, M. Karran, J.L. 

Molinuevo, M. Norton, and A. Atri, Tip of the Iceberg: Assessing the Global Socioeconomic Costs of 

Alzheimer's Disease and Related Dementias and Strategic Implications for Stakeholders. Journal of 

Alzheimer's disease : JAD, 2019. 70(2): p. 323-341. 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 18 March 2022                   doi:10.20944/preprints202203.0267.v1

https://imagej.net/software/fiji/
http://www.biorender.com/
https://doi.org/10.20944/preprints202203.0267.v1


3. A National Alzheimer’s Strategic Plan: The Report of the Alzheimer’s Study Group. The Alzheimer’s 

Association, 2009. Retrieved March 1, 2022 URL: 

https://www.alz.org/documents/national/report_asg_alzplan.pdf. 

4. Wong, W., Economic burden of Alzheimer disease and managed care considerations. Am J Manag 

Care, 2020. 26(8 Suppl): p. S177-s183. 

5. Durães, F., M. Pinto, and E. Sousa, Old Drugs as New Treatments for Neurodegenerative Diseases. 

Pharmaceuticals (Basel, Switzerland), 2018. 11(2): p. 44. 

6. Gerhardt, S. and M.H. Mohajeri, Changes of Colonic Bacterial Composition in Parkinson's Disease and 

Other Neurodegenerative Diseases. Nutrients, 2018. 10(6): p. 708. 

7. Mazzini, L., L. Mogna, F. De Marchi, A. Amoruso, M. Pane, I. Aloisio, N.B. Cionci, F. Gaggìa, A. 

Lucenti, E. Bersano, R. Cantello, D. Di Gioia, and G. Mogna, Potential Role of Gut Microbiota in ALS 

Pathogenesis and Possible Novel Therapeutic Strategies. Journal of Clinical Gastroenterology, 2018. 

52: p. S68-S70. 

8. Scheperjans, F., V. Aho, P.A. Pereira, K. Koskinen, L. Paulin, E. Pekkonen, E. Haapaniemi, S. 

Kaakkola, J. Eerola-Rautio, M. Pohja, E. Kinnunen, K. Murros, and P. Auvinen, Gut microbiota are 

related to Parkinson's disease and clinical phenotype. Mov Disord, 2015. 30(3): p. 350-8. 

9. Wang, C., C.Y. Lau, F. Ma, and C. Zheng, Genome-wide screen identifies curli amyloid fibril as a 

bacterial component promoting host neurodegeneration. Proc Natl Acad Sci U S A, 2021. 118(34). 

10. Christensen, L.F.B., K.F. Jensen, J. Nielsen, B.S. Vad, G. Christiansen, and D.E. Otzen, Reducing the 

Amyloidogenicity of Functional Amyloid Protein FapC Increases Its Ability To Inhibit α-Synuclein 

Fibrillation. ACS Omega, 2019. 4(2): p. 4029-4039. 

11. Chen, S.G., V. Stribinskis, M.J. Rane, D.R. Demuth, E. Gozal, A.M. Roberts, R. Jagadapillai, R. Liu, K. 

Choe, B. Shivakumar, F. Son, S. Jin, R. Kerber, A. Adame, E. Masliah, and R.P. Friedland, Exposure to 

the Functional Bacterial Amyloid Protein Curli Enhances Alpha-Synuclein Aggregation in Aged Fischer 

344 Rats and Caenorhabditis elegans. Sci Rep, 2016. 6: p. 34477. 

12. Walker, A.C., R. Bhargava, A.S. Vaziriyan-Sani, C. Pourciau, E.T. Donahue, A.S. Dove, M.J. Gebhardt, 

G.L. Ellward, T. Romeo, and D.M. Czyż, Colonization of the Caenorhabditis elegans gut with human 

enteric bacterial pathogens leads to proteostasis disruption that is rescued by butyrate. PLoS Pathog, 

2021. 17(5): p. e1009510. 

13. Angelucci, F., K. Cechova, J. Amlerova, and J. Hort, Antibiotics, gut microbiota, and Alzheimer’s 

disease. Journal of Neuroinflammation, 2019. 16(1): p. 108. 

14. Ternák, G., D. Kuti, and K.J. Kovács, Dysbiosis in Parkinson’s disease might be triggered by certain 

antibiotics. Medical Hypotheses, 2020. 137: p. 109564. 

15. Obrenovich, M., H. Jaworski, T. Tadimalla, A. Mistry, L. Sykes, G. Perry, and R.A. Bonomo, The Role 

of the Microbiota-Gut-Brain Axis and Antibiotics in ALS and Neurodegenerative Diseases. 

Microorganisms, 2020. 8(5): p. 784. 

16. Mertsalmi, T.H., E. Pekkonen, and F. Scheperjans, Antibiotic exposure and risk of Parkinson's disease 

in Finland: A nationwide case-control study. 2020. 35(3): p. 431-442. 

17. Gidalevitz, T., A. Ben-Zvi, K.H. Ho, H.R. Brignull, and R.I. Morimoto, Progressive disruption of 

cellular protein folding in models of polyglutamine diseases. Science, 2006. 311(5766): p. 1471-4. 

18. Friedland, R.P. and M.R. Chapman, The role of microbial amyloid in neurodegeneration. PLoS 

pathogens, 2017. 13(12): p. e1006654-e1006654. 

19. Holmqvist, S., O. Chutna, L. Bousset, P. Aldrin-Kirk, W. Li, T. Björklund, Z.-Y. Wang, L. Roybon, R. 

Melki, and J.-Y. Li, Direct evidence of Parkinson pathology spread from the gastrointestinal tract to the 

brain in rats. Acta Neuropathologica, 2014. 128(6): p. 805-820. 

20. Rambaran, R.N. and L.C. Serpell, Amyloid fibrils: abnormal protein assembly. Prion, 2008. 2(3): p. 112-

117. 

21. Gebbink, M.F.B.G., D. Claessen, B. Bouma, L. Dijkhuizen, and H.A.B. Wösten, Amyloids — a 

functional coat for microorganisms. Nature Reviews Microbiology, 2005. 3(4): p. 333-341. 

22. Zhou, Y., L.P. Blanco, D.R. Smith, and M.R. Chapman, Bacterial amyloids. Methods Mol Biol, 2012. 

849: p. 303-20. 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 18 March 2022                   doi:10.20944/preprints202203.0267.v1

https://www.alz.org/documents/national/report_asg_alzplan.pdf
https://doi.org/10.20944/preprints202203.0267.v1


23. Wang, H., J. Ma, Y. Tan, Z. Wang, C. Sheng, S. Chen, and J. Ding, Amyloid-beta1-42 induces reactive 

oxygen species-mediated autophagic cell death in U87 and SH-SY5Y cells. J Alzheimers Dis, 2010. 

21(2): p. 597-610. 

24. Hu, X., S.L. Crick, G. Bu, C. Frieden, R.V. Pappu, and J.M. Lee, Amyloid seeds formed by cellular 

uptake, concentration, and aggregation of the amyloid-beta peptide. Proc Natl Acad Sci U S A, 2009. 

106(48): p. 20324-9. 

25. Javed, I., Z. Zhang, J. Adamcik, N. Andrikopoulos, Y. Li, D.E. Otzen, S. Lin, R. Mezzenga, T.P. Davis, 

F. Ding, and P.C. Ke, Accelerated Amyloid Beta Pathogenesis by Bacterial Amyloid FapC. Advanced 

Science, 2020. 7(18): p. 2001299. 

26. Sampson, T.R., C. Challis, N. Jain, A. Moiseyenko, M.S. Ladinsky, G.G. Shastri, T. Thron, B.D. 

Needham, I. Horvath, J.W. Debelius, S. Janssen, R. Knight, P. Wittung-Stafshede, V. Gradinaru, M. 

Chapman, and S.K. Mazmanian, A gut bacterial amyloid promotes α-synuclein aggregation and motor 

impairment in mice. eLife, 2020. 9: p. e53111. 

27. Bollen, C., L. Dewachter, and J. Michiels, Protein Aggregation as a Bacterial Strategy to Survive 

Antibiotic Treatment. Front Mol Biosci, 2021. 8: p. 669664. 

28. Evans, C.R., Y. Fan, and J. Ling, Increased mistranslation protects E. coli from protein misfolding 

stress due to activation of a RpoS-dependent heat shock response. FEBS letters, 2019. 593(22): p. 3220-

3227. 

29. Shen, D., J. Coleman, E. Chan, T.P. Nicholson, L. Dai, P.W. Sheppard, and W.F. Patton, Novel Cell- 

and Tissue-Based Assays for Detecting Misfolded and Aggregated Protein Accumulation Within 

Aggresomes and Inclusion Bodies. Cell Biochemistry and Biophysics, 2011. 60(3): p. 173-185. 

30. Sultana, S., G.M. Anderson, K.P. Hoffmann, and J.U. Dahl, Extraction and Visualization of Protein 

Aggregates after Treatment of Escherichia coli with a Proteotoxic Stressor. J Vis Exp, 2021(172). 

31. Brown, P.K., C.M. Dozois, C.A. Nickerson, A. Zuppardo, J. Terlonge, and R. Curtiss, 3rd, MlrA, a 

novel regulator of curli (AgF) and extracellular matrix synthesis by Escherichia coli and Salmonella 

enterica serovar Typhimurium. Mol Microbiol, 2001. 41(2): p. 349-63. 

32. Kohanski, M.A., D.J. Dwyer, J. Wierzbowski, G. Cottarel, and J.J. Collins, Mistranslation of membrane 

proteins and two-component system activation trigger antibiotic-mediated cell death. Cell, 2008. 135(4): 

p. 679-690. 

33. Magno, F., D.O. Nascimento, P.C.B. Alexandre, P.A. Reis, P.T. Bozza, H.C. Castro-Faria-Neto, and 

F.A. Bozza, Evaluation of inflammatory parameters and cognitive impairment in a murine model of 

Pseudomonas aeruginosa pneumosepsis. Critical Care, 2013. 17(Suppl 4): p. P104-P104. 

34. Lamas Ferreiro, J.L., J. Álvarez Otero, L. González González, L. Novoa Lamazares, A. Arca Blanco, 

J.R. Bermúdez Sanjurjo, I. Rodríguez Conde, M. Fernández Soneira, and J. de la Fuente Aguado, 

Pseudomonas aeruginosa urinary tract infections in hospitalized patients: Mortality and prognostic 

factors. PLOS ONE, 2017. 12(5): p. e0178178. 

35. Girón Moreno, R.M., G. Fernandes Vasconcelos, C. Cisneros, R.M. Gómez-Punter, G. Segrelles Calvo, 

and J. Ancochea, Presence of anxiety and depression in patients with bronchiectasis unrelated to cystic 

fibrosis. Arch Bronconeumol, 2013. 49(10): p. 415-20. 

36. Wang, H., X.B. Ji, B. Mao, C.W. Li, H.W. Lu, and J.F. Xu, Pseudomonas aeruginosa isolation in 

patients with non-cystic fibrosis bronchiectasis: a retrospective study. BMJ Open, 2018. 8(3): p. 

e014613. 

37. Andersen, K.K., B.S. Vad, L. Kjaer, T. Tolker-Nielsen, G. Christiansen, and D.E. Otzen, Pseudomonas 

aeruginosa rhamnolipid induces fibrillation of human α-synuclein and modulates its effect on biofilm 

formation. FEBS Lett, 2018. 592(9): p. 1484-1496. 

38. Steenblock DA, I.T., Antonio ASS, Wardaningsih E, Azizi MJ Amyotrophic Lateral Sclerosis (ALS) 

Linked to Intestinal Microbiota Dysbiosis & Systemic Microbial Infection in Human Patients: A Cross-

Sectional Clinical Study. Int J Neurodegener Dis, 2018. 1(1). 

39. Alonso, R., D. Pisa, and L. Carrasco, Brain Microbiota in Huntington’s Disease Patients. Frontiers in 

Microbiology, 2019. 10. 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 18 March 2022                   doi:10.20944/preprints202203.0267.v1

https://doi.org/10.20944/preprints202203.0267.v1


40. Zaborina, O., J.E. Kohler, Y. Wang, C. Bethel, O. Shevchenko, L. Wu, J.R. Turner, and J.C. Alverdy, 

Identification of multi-drug resistant Pseudomonas aeruginosa clinical isolates that are highly 

disruptive to the intestinal epithelial barrier. Ann Clin Microbiol Antimicrob, 2006. 5: p. 14. 

41. Camilleri, M., Leaky gut: mechanisms, measurement and clinical implications in humans. Gut, 2019. 

68(8): p. 1516-1526. 

42. Zhang, R., R.G. Miller, R. Gascon, S. Champion, J. Katz, M. Lancero, A. Narvaez, R. Honrada, D. 

Ruvalcaba, and M.S. McGrath, Circulating endotoxin and systemic immune activation in sporadic 

amyotrophic lateral sclerosis (sALS). J Neuroimmunol, 2009. 206(1-2): p. 121-4. 

43. Emery, D.C., D.K. Shoemark, T.E. Batstone, C.M. Waterfall, J.A. Coghill, T.L. Cerajewska, M. Davies, 

N.X. West, and S.J. Allen, 16S rRNA Next Generation Sequencing Analysis Shows Bacteria in 

Alzheimer’s Post-Mortem Brain. Frontiers in Aging Neuroscience, 2017. 9. 

44. Ambrosini, Y.M., D. Borcherding, A. Kanthasamy, H.J. Kim, A.A. Willette, A. Jergens, K. Allenspach, 

and J.P. Mochel, The Gut-Brain Axis in Neurodegenerative Diseases and Relevance of the Canine 

Model: A Review. Frontiers in Aging Neuroscience, 2019. 11. 

45. Voth, S., M. Gwin, C.M. Francis, R. Balczon, D.W. Frank, J.-F. Pittet, B.M. Wagener, S.A. Moser, M. 

Alexeyev, N. Housley, J.P. Audia, S. Piechocki, K. Madera, A. Simmons, M. Crawford, and T. Stevens, 

Virulent Pseudomonas aeruginosa infection converts antimicrobial amyloids into cytotoxic prions. 

FASEB journal : official publication of the Federation of American Societies for Experimental Biology, 

2020. 34(7): p. 9156-9179. 

46. Balczon, R., K.A. Morrow, C. Zhou, B. Edmonds, M. Alexeyev, J.-F. Pittet, B.M. Wagener, S.A. Moser, 

S. Leavesley, X. Zha, D.W. Frank, and T. Stevens, Pseudomonas aeruginosa infection liberates 

transmissible, cytotoxic prion amyloids. The FASEB Journal, 2017. 31(7): p. 2785-2796. 

47. Estepa, V., B. Rojo-Bezares, C. Torres, and Y. Sáenz, Faecal carriage of Pseudomonas aeruginosa in 

healthy humans: antimicrobial susceptibility and global genetic lineages. FEMS Microbiology Ecology, 

2014. 89(1): p. 15-19. 

48. Jin, M., J. Li, F. Liu, N. Lyu, K. Wang, L. Wang, S. Liang, H. Tao, B. Zhu, and R. Alkasir, Analysis of 

the Gut Microflora in Patients With Parkinson's Disease. Frontiers in Neuroscience, 2019. 13. 

49. Hertzberg, V.S., H. Singh, C.N. Fournier, A. Moustafa, M. Polak, C.A. Kuelbs, M.G. Torralba, M.G. 

Tansey, K.E. Nelson, and J.D. Glass, Gut microbiome differences between amyotrophic lateral sclerosis 

patients and spouse controls. Amyotroph Lateral Scler Frontotemporal Degener, 2022. 23(1-2): p. 91-

99. 

50. Petrov, V.A., I.V. Saltykova, I.A. Zhukova, V.M. Alifirova, N.G. Zhukova, Y.B. Dorofeeva, A.V. 

Tyakht, B.A. Kovarsky, D.G. Alekseev, E.S. Kostryukova, Y.S. Mironova, O.P. Izhboldina, M.A. 

Nikitina, T.V. Perevozchikova, E.A. Fait, V.V. Babenko, M.T. Vakhitova, V.M. Govorun, and A.E. 

Sazonov, Analysis of Gut Microbiota in Patients with Parkinson's Disease. Bull Exp Biol Med, 2017. 

162(6): p. 734-737. 

51. Li, B., Y. He, J. Ma, P. Huang, J. Du, L. Cao, Y. Wang, Q. Xiao, H. Tang, and S. Chen, Mild cognitive 

impairment has similar alterations as Alzheimer's disease in gut microbiota. Alzheimer's & Dementia, 

2019. 15(10): p. 1357-1366. 

52. Lopizzo, N., S. Provasi, M. Marizzoni, L. Borruso, P. Andryszak, G.B. Frisoni, and A. Cattaneo, 

Identification of gut microbiota signature in Alzheimer's disease: Possible role in influencing peripheral 

inflammation. European Neuropsychopharmacology, 2019. 29: p. S167-S168. 

53. Aho, V.T.E., P.A.B. Pereira, S. Voutilainen, L. Paulin, E. Pekkonen, P. Auvinen, and F. Scheperjans, 

Gut microbiota in Parkinson's disease: Temporal stability and relations to disease progression. 

EBioMedicine, 2019. 44: p. 691-707. 

54. Lin, C.-H., C.-C. Chen, H.-L. Chiang, J.-M. Liou, C.-M. Chang, T.-P. Lu, E.Y. Chuang, Y.-C. Tai, C. 

Cheng, H.-Y. Lin, and M.-S. Wu, Altered gut microbiota and inflammatory cytokine responses in 

patients with Parkinson’s disease. Journal of Neuroinflammation, 2019. 16(1): p. 129. 

55. Petrov, V.A., I.V. Saltykova, I.A. Zhukova, V.M. Alifirova, N.G. Zhukova, Y.B. Dorofeeva, A.V. 

Tyakht, B.A. Kovarsky, D.G. Alekseev, E.S. Kostryukova, Y.S. Mironova, O.P. Izhboldina, M.A. 

Nikitina, T.V. Perevozchikova, E.A. Fait, V.V. Babenko, M.T. Vakhitova, V.M. Govorun, and A.E. 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 18 March 2022                   doi:10.20944/preprints202203.0267.v1

https://doi.org/10.20944/preprints202203.0267.v1


Sazonov, Analysis of Gut Microbiota in Patients with Parkinson’s Disease. Bulletin of Experimental 

Biology and Medicine, 2017. 162(6): p. 734-737. 

56. Wang, L., Z. Zhao, L. Zhao, Y. Zhao, G. Yang, C. Wang, L. Gao, C. Niu, and S. Li, Lactobacillus 

plantarum DP189 Reduces α-SYN Aggravation in MPTP-Induced Parkinson’s Disease Mice via 

Regulating Oxidative Damage, Inflammation, and Gut Microbiota Disorder. Journal of Agricultural and 

Food Chemistry, 2022. 70(4): p. 1163-1173. 

57. Hamer, H.M., D. Jonkers, K. Venema, S. Vanhoutvin, F.J. Troost, and R.J. Brummer, Review article: 

the role of butyrate on colonic function. Aliment Pharmacol Ther, 2008. 27(2): p. 104-19. 

58. Zhang, Y.G., S. Wu, J. Yi, Y. Xia, D. Jin, J. Zhou, and J. Sun, Target Intestinal Microbiota to Alleviate 

Disease Progression in Amyotrophic Lateral Sclerosis. Clin Ther, 2017. 39(2): p. 322-336. 

59. Wang, C., D. Zheng, F. Weng, Y. Jin, and L. He, Sodium butyrate ameliorates the cognitive impairment 

of Alzheimer’s disease by regulating the metabolism of astrocytes. Psychopharmacology, 2022. 239(1): 

p. 215-227. 

60. St Laurent, R., L.M. O'Brien, and S.T. Ahmad, Sodium butyrate improves locomotor impairment and 

early mortality in a rotenone-induced Drosophila model of Parkinson's disease. Neuroscience, 2013. 

246: p. 382-90. 

61. Govindarajan, N., R.C. Agis-Balboa, J. Walter, F. Sananbenesi, and A. Fischer, Sodium butyrate 

improves memory function in an Alzheimer's disease mouse model when administered at an advanced 

stage of disease progression. J Alzheimers Dis, 2011. 26(1): p. 187-97. 

62. Aho, V.T.E., M.C. Houser, P.A.B. Pereira, J. Chang, K. Rudi, L. Paulin, V. Hertzberg, P. Auvinen, 

M.G. Tansey, and F. Scheperjans, Relationships of gut microbiota, short-chain fatty acids, 

inflammation, and the gut barrier in Parkinson’s disease. Molecular Neurodegeneration, 2021. 16(1): p. 

6. 

63. Nicholson, K., K. Bjornevik, G. Abu-Ali, J. Chan, M. Cortese, B. Dedi, M. Jeon, R. Xavier, C. 

Huttenhower, A. Ascherio, and J.D. Berry, The human gut microbiota in people with amyotrophic 

lateral sclerosis. Amyotroph Lateral Scler Frontotemporal Degener, 2021. 22(3-4): p. 186-194. 

64. Wu, G., Z. Jiang, Y. Pu, S. Chen, T. Wang, Y. Wang, X. Xu, S. Wang, M. Jin, Y. Yao, Y. Liu, S. Ke, 

and S. Liu, Serum short-chain fatty acids and its correlation with motor and non-motor symptoms in 

Parkinson’s disease patients. BMC Neurology, 2022. 22(1): p. 13. 

65. Cummings, J.H., E.W. Pomare, W.J. Branch, C.P. Naylor, and G.T. Macfarlane, Short chain fatty acids 

in human large intestine, portal, hepatic and venous blood. Gut, 1987. 28(10): p. 1221-1227. 

66. Nakanishi, N., K. Tashiro, S. Kuhara, T. Hayashi, N. Sugimoto, and T. Tobe, Regulation of virulence by 

butyrate sensing in enterohaemorrhagic Escherichia coli. Microbiology (Reading), 2009. 155(Pt 2): p. 

521-530. 

67. Silva, C.A.d.M.E., R. Rojony, L.E. Bermudez, and L. Danelishvili, Short-Chain Fatty Acids Promote 

Mycobacterium avium subsp. hominissuis Growth in Nutrient-Limited Environments and Influence 

Susceptibility to Antibiotics. Pathogens (Basel, Switzerland), 2020. 9(9): p. 700. 

68. Loewen, P.C., B. Hu, J. Strutinsky, and R. Sparling, Regulation in the rpoS regulon of Escherichia coli. 

Can J Microbiol, 1998. 44(8): p. 707-17. 

69. Muffler, A., M. Barth, C. Marschall, and R. Hengge-Aronis, Heat shock regulation of sigmaS turnover: 

a role for DnaK and relationship between stress responses mediated by sigmaS and sigma32 in 

Escherichia coli. J Bacteriol, 1997. 179(2): p. 445-52. 

70. Park, J.-S., K.-Y. Han, J.-H. Lee, J.-A. Song, K.-Y. Ahn, H.-S. Seo, S.-J.J. Sim, S.-W. Kim, and J. Lee, 

Solubility enhancement of aggregation-prone heterologous proteins by fusion expression using stress-

responsive Escherichia coli protein, RpoS. BMC biotechnology, 2008. 8: p. 15-15. 

71. Goltermann, L., L. Good, and T. Bentin, Chaperonins fight aminoglycoside-induced protein misfolding 

and promote short-term tolerance in Escherichia coli. The Journal of biological chemistry, 2013. 

288(15): p. 10483-10489. 

72. Ling, J., C. Cho, L.-T. Guo, H.R. Aerni, J. Rinehart, and D. Söll, Protein aggregation caused by 

aminoglycoside action is prevented by a hydrogen peroxide scavenger. Molecular cell, 2012. 48(5): p. 

713-722. 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 18 March 2022                   doi:10.20944/preprints202203.0267.v1

https://doi.org/10.20944/preprints202203.0267.v1


73. Sun, J., Y. Zhan, D. Mariosa, H. Larsson, C. Almqvist, C. Ingre, U. Zagai, Y. Pawitan, and F. Fang, 

Antibiotics use and risk of amyotrophic lateral sclerosis in Sweden. 2019. 26(11): p. 1355-1361. 

74. Czyż, D.M., Exploiting Caenorhabditis elegans to discover human gut microbiota-mediated intervention 

strategies in protein conformational diseases. Neural Regen Res, 2022. 17(10): p. 2203-2204. 

75. Brenner, S., The genetics of Caenorhabditis elegans. Genetics, 1974. 77(1): p. 71-94. 
 
 

 
Supplemental Figure 1. Bacterial utilization of butyrate as energy source. Representative bacterial growth curves in M9 
minimal medium supplemented with 0.2% glucose or butyrate as the sole carbon source. Data are representative of the 
average of two replicates. The experiment was performed three independent times.  
 
 

 
Supplemental Figure 2. The effect of gentamicin on E. coli OP50. A) Gentamicin dose-response in a plate dilution assay. 
Data represent three independent experiments, each in triplicates. B) Overnight cultures inoculated from bacteria 

plated on 0 and 200 g/mL gentamicin.  
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