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Chapter 1: Identifying the human homologs of yeast Rab proteins Ypt10 & Ypt11 

Abstract 

Amyotrophic lateral sclerosis (ALS) is a late-onset fatal neurodegenerative disease that causes 

loss of upper and/or lower motor neurons, and currently has no treatment or cure available.  Over 

90% of cases occur spontaneously with unknown causes, highlighting the complexity of the 

disease, and only 10% of cases are linked to heritable genetic mutations.  Numerous ALS-linked 

genes are conserved through evolution, and model organisms may therefore provide 

opportunities to understand disease pathology at a molecular or cellular level, proving 

instrumental in identifying therapeutic targets.  ALS subtype 8 (ALS8) is caused by an 

autosomal dominant P56S mutation in the VAPB gene that alters morphology and function of the 

endoplasmic reticulum (ER), leading to ER stress sensitivity.  In a budding yeast 

(Saccharomyces cerevisiae) model of ALS8 that recapitulates these phenotypes, we identified 

Rab GTPases and their regulators involved in membrane traffic as a class of genes whose 

overexpression improved tolerance to ER stress.  Yeast possesses 11 Rab genes, and while the 

majority of these are characterized and have clear homologs in mammals, the function of both 

YPT10 and YPT11 remain poorly understood.  Notably, YPT10 was isolated as a possible 

suppressor of ALS8 phenotypes in the yeast model. 

The goal of this study was to obtain genetic information about Ypt10 and Ypt11 function 

and phylogeny using bioinformatic approaches.  By identifying the human homologs of yeast 

Rabs, we can potentially study their function, and identify targets for ALS treatments.  This 

study narrowed down the potential human homologs for Ypt10 to Homo sapiens Rab20, Rab22a, 

and Rab31, as well as for Ypt11 to H. sapiens Rab34 and Rab36. 
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Introduction 

ALS8 and the VAPBP56S mutation  

Amyotrophic lateral sclerosis (ALS) is a fatal neurodegenerative disease in humans that 

causes death of upper and lower motor neurons, progressively resulting in paralysis and 

respiratory failure, with a median survival of three to five years after diagnosis (Yamashita and 

Ando, 2015; Brotman et al., 2021).  The etiological factors of ALS are poorly understood, as 

over 90% of cases occur sporadically; however, the remaining 10% of cases can be attributed to 

a family history of ALS (Yamashita and Ando, 2015; Brotman et al., 2021).  This suggests 

heritable mutations can cause the onset of the disease.  To date, mutations in over 30 genes have 

been attributed to different subtypes of ALS (Yamashita and Ando, 2015; Brotman et al., 2021).  

Prosser et al. (2008) sought to understand the molecular pathology and relieve the phenotypic 

symptoms of ALS8 in mammalian cell lines (Chinese hamster ovary cells; CHO).  ALS8 is an 

autosomal dominant subtype of ALS caused by a P56S mutation in vesicle-associated membrane 

protein (VAMP)-associated protein B (VAPB), which plays important roles in maintaining the 

structure and function of the endoplasmic reticulum (ER) in motor neurons (Nishimura et al., 

2005; Teuling et al., 2007; Prosser et al., 2008; Aliaga et al., 2013; Kabashi et al., 2013).  The 

VAPB protein has a single C-terminal transmembrane domain that anchors it in the ER, with the 

majority of the protein residing within the cytoplasm.  Mutation P56S in the VAPB gene 

(VAPBP56S) leads to misfolding and protein aggregation of the cytoplasmic major sperm protein 

(MSP) domain of VAPB, and the transmembrane domain causes ER membrane to be 

incorporated into inclusions (Kanekura et al., 2006; Teuling et al., 2007).  As a result, VAPBP56S 

causes collapse of the ER, disrupting vital cellular processes including membrane traffic, which 

may contribute to cell death in motor neurons through unknown mechanisms (Teuling et al., 
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2007; Prosser et al., 2008).  Notably, VAPBP56S expression leads to aberrant regulation of the 

unfolded protein response (UPR), which is a critical stress response during accumulation of 

misfolded proteins, in which the cell pauses translation and upregulates chaperone function 

(Kanekura et al., 2006; Suzuki et al., 2009; Aliaga et al., 2013; Tokutake et al., 2015).  Inability 

to correctly respond to ER stress may be causative to, or contribute to, motor neuron loss in 

ALS8.  The major sperm protein (MSP) domain of VAPB and its closely-related homolog 

VAPA bind to FFAT (two phenylalanines in an acidic tract) motifs that are found in numerous 

cytoplasmic proteins involved in lipid transfer, including oxysterol-binding protein (OSBP), 

OSBP-related proteins (ORPs), and sterol-responsive element-binding protein (SREBP) 

(Kanekura et al., 2006).  It was subsequently discovered that overexpression of an FFAT motif in 

VAPBP56S-expressing CHO cells reduced ER aggregation and restored exit of transmembrane 

cargos from the ER (Prosser et al., 2008). 

Genetic screening of an ALS8 model to identify suppressors of ER stress sensitivity 

Based on the findings of Prosser et al. (2008), a follow-up study was conducted to 

identify genes capable of suppressing the ER stress sensitivity that is characteristic of VAPBP56S 

expression (D. Prosser, unpublished results); they used the budding yeast Saccharomyces 

cerevisiae as a model system for genetics, and because the VAPB gene is largely conserved 

between humans and yeast. In yeast, there are two homologs (SCS2 and SCS22) that are similarly 

involved in ER structure and function. Moreover, the P56 amino acid residue that is mutated in 

ALS8 is present within a highly conserved region of all three proteins.  

Prosser et al. created a mutant yeast strain (scs2∆ scs22∆ + scs2P51S, P58S ), hereafter 

referred to as yALS8, in which the chromosomal copies of SCS2 and SCS22 were deleted and a 
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mutant scs2P51S, P58S allele of SCS2, which is equivalent to the human VAPBP56S mutation 

(Nakamichi et al., 2011), was reintroduced at a heterologous gene locus (LEU2).  The yALS8 

strain shows several hallmarks of ALS that are seen in mammalian cells expressing VAPBP56S, 

including collapse of the ER, appearance of membrane-containing inclusions in the perinuclear 

region, and hypersensitivity to ER stress-inducing drugs such as tunicamycin, which blocks 

glycosylation of newly-synthesized proteins (Leavitt et al., 1977; Merlie et al., 1982).  yALS8 

cells were transformed with a plasmid-based library that overexpressed short regions of the yeast 

genome (~10 kb genomic intervals containing an average of 2-3 complete genes; Carlson and 

Botstein, 1982) and grown on plates containing tunicamycin at a concentration (1 mg/ml) that 

was lethal in yALS8, but not wild-type cells.  Colonies that grew had presumably acquired a 

suppressor gene; thus, plasmids from each colony were isolated and sequenced to identify 

candidate genomic intervals.  Subsequently, individual genes from each interval were subcloned 

and independently tested for suppression of stress sensitivity to validate the suppressor gene. 

One of the genes found in this genetic screen was AVL9, a putative guanine nucleotide 

exchange factor (GEF) that activates Rab GTPases but whose substrate(s) has not yet been 

identified.  Remarkably, other Rab GTPases and Rab regulatory proteins were also isolated as 

potential suppressor genes from this screen: the secretory Rab SEC4, a Rab of unknown function 

(YPT10), and the Rab6/Ypt6-inactivating gene GYP6. Of these, SEC4 and GYP6 have been 

verified as suppressors, while YPT10 remains a potential suppressor.  Since Rabs and their 

regulators are highly overrepresented in the screen, we reason that they may form an important 

class of genes capable of ameliorating ER stress responses in yALS8. 
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Rab GTPases and the application of budding yeast as a disease model 

Rab GTPases are specialized GTP-binding and -hydrolyzing proteins that are involved in 

organelle identity and in transport/tethering of lipid- and protein-containing vesicles to their 

appropriate target organelles and membranes (Guadagno and Progida, 2019).  The dysfunction of 

Rabs may lead to a number of fatal and chronic diseases in humans, including ALS, Alzheimer’s 

disease, Parkinson’s disease, and Huntington’s disease (Zahraoui et al., 1989).  While over 60 

Rabs have been identified in humans, the budding yeast Saccharomyces cerevisiae has only 11 

Rab genes, suggesting that the Rab family has undergone expansion during vertebrate evolution, 

as seen in Figure 1.   

 

Figure 1:  Number of Rabs compared to estimated pairwise divergence time for each 

species compared to humans.  Estimated median time of divergence from humans.  Information 

obtained from TimeTree (Kumar et al., 2017); graph produced in Excel.  Tt = Tetrahymena 

thermophila; Pf = Plasmodium falciparum; Dd = Dictyostelium discoideum; Sc = Saccharomyces 

cerevisiae; Sp = Saccharomyces pombe; Dm = Drosophila melanogaster; Ce = Caenorhabditis 

elegans; Dr = Danio rerio; Mm = Mus musculus; Hs = Homo sapiens. 

 

Of the 11 yeast Rabs, 9 of them are highly conserved and have known orthologues across 

many diverse species (Buvelot et al., 2006); however, some members of this protein family 
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remain poorly characterized (Zahraoui et al., 1989, Buvelot et al., 2006; Li and Marlin, 2015; 

Homma et al., 2021).  The feasibility of studying yeast compared to mammalian Rabs, especially 

when considering that these proteins are highly conserved across species, makes yeast a prime 

candidate for studying Rabs, their functions, and their genetic interactions due to the reduced 

number of Rabs required for cellular function in yeast. 

Rab GTPases act as molecular switches 

The localization and function of Rabs depends on whether the protein is active or 

inactive, which is due to the Rab GTPase alternating between GDP- (inactive) and GTP-bound 

(active) states (Hutagalung and Novick, 2011).  During activation, a guanine nucleotide 

exchange factor (GEF) binds to an inactive, GDP-associated Rab and causes a conformational 

change, leading to the release of GDP and association with GTP, which is present at higher 

concentration in the cytoplasm (Figure 2).  During inactivation, a GTPase-activating protein 

(GAP) binds to the active, GTP-associated Rab, stimulating the inherent GTPase activity of the 

Rab and thereby leading to hydrolysis of GTP into GDP.  The cycling between activation and 

inactivation of Rabs dictates the transport of lipid- and protein-containing vesicles to their 

appropriate membrane-bounded organelles, and plays roles in establishing and/or maintaining 

organelle identity (Stenmark and Olkkonen, 2001; Hutagalung and Novick, 2011).  For Rabs to 

perform their functions in membrane trafficking, the active, GTP-bound Rab must bind to an 

effector protein; effector proteins have various key functions, such as selecting cargo, promoting 

vesicle transport, and tethering vesicles to their appropriate target membrane (Grosshans et al., 

2006; Hutagalung and Novick, 2011).  Understanding the physical and genetic interactions of 

Rabs with GEFs, GAPs, and effector proteins remains a key area of inquiry for diseases that have 

mutations in these proteins or that impair membrane trafficking. 
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Figure 2: The Rab cycle.  An inactive, GDP-bound Rab is activated by a guanine nucleotide 

exchange factor (GEF) to become the active GTP-bound Rab, which is then inactivated by a 

GTPase activating protein (GAP) to return to the inactive GDP-bound state.  In the active GTP-

bound state, the Rab binds to effector proteins, which tethers vesicles to their appropriate target 

membranes prior to fusion. 

 

 

The application of phylogenetics to uncover distantly related proteins 

A way to identify the potential human homolog of our yeast ALS candidate suppressor 

gene, YPT10, is using a bioinformatics method called phylogenetics, which uses DNA or protein 

sequences and a variety of statistical algorithms to construct a dendrogram showing evolutionary 

relationships among species, entire groups, or individual genes.  The application of 

phylogenetics in this study utilized amino acid sequences to identify the potential human 

homologs of the budding yeast Ypt10 and Ypt11 proteins.  By inferring the evolutionary 

relationships between yeast proteins in non-humans and their human counterparts, an informed 

starting point can be carried out in wet-lab analyses which can identify potential therapeutic 

approaches with a narrower, more accurate set of target genes.  Uncovering the genetic 

interactions and evolutionary relationships among Rabs in this study could help us further 

understand this disease and provide a template for future ALS research 
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Previous studies attempting to identify the human homologs of YPT10 and YPT11 

 To date, multiple phylogenetic studies have attempted to elucidate the evolutionary 

relationships between yeast and human Rabs (Stenmark and Olkkonen, 2001; Frei et al., 2006; 

Klöpper et al., 2012); however, these studies have not definitively pinpointed some homologs.  

Frei et al., (2006) suggest the candidate human homolog for YPT10 may be Rab20, and the 

potential homolog of YPT11 is unclear; despite this, they fail to go into detail about their 

phylogenetic analysis or the methodology; the accuracy of these results are thus unclear.  

Klöpper et al., (2012) and Stenmark and Olkkonen (2001) performed similar studies to uncover 

the evolutionary relationships between yeast and human Rabs, but do not have results for our two 

yeast genes of interest, YPT10 and YPT11.  Therefore, additional research is warranted to 

identify candidate homologs of YPT10 and YPT11 in humans. 

Objective 

 My objective in this study is to use phylogenetic methods to identify candidate human 

homologs for two uncharacterized yeast Rabs, YPT10 and YPT11. 

Methods 

Data sources 

The majority of protein sequences were obtained from the UniProt database; only entries 

given the “reviewed” status were accepted, as we have confidence that they were correctly 

annotated (Uniprot [Computer software]. Retrieved from www.uniprot.org).  Additional Rab 

sequences were collected from model-organism specific websites, including the Saccharomyces 

Genome Database (Cherry et al., 2012), WormBook (Eisenmann, 2005), or FlyBase (Larkin et 

al., 2021).  The Rabs from these model organism-specific websites were cross-referenced with 
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literature to confirm the accuracy of identified Rabs included in this study (Pereira-Leal and 

Seabra, 2001; Zhang et al., 2007; Gallegos et al., 2012).   

Taxa selection 

Taxa consisted of single-celled organisms, multicellular organisms, invertebrates, and 

finally vertebrates – representing diverse organisms across the evolutionary tree of life.  

Additionally, I evaluated the inclusion of some specific taxa as follows: 

First, to facilitate evaluation of the phylogenetic results, fission yeast was included since 

the homology between its Rabs and Rabs in baker’s yeast have been previously established 

(Pereira-Leal and Seabra, 2001).   

Second, Plasmodium and Tetrahymena were included as they were similar in complexity 

to baker’s yeast. Tetrahymena had an extensive phylogenetic study on Rabs within the species, 

of which the authors sent FASTA files of their protein sequences to include in our study (Bright 

et al., 2010). 

Third, the social amoeba D. discoideum, although having a rather similar number of Rabs 

to humans and many more than yeast, shares between 8,000 and 10,000 genes with vertebrates.  

It is a valuable taxon in the dataset because it can act as a reference between yeast (similar in 

cellular complexity and evolutionary divergence) and humans (similar in genomic composition) 

(Sunderland, 2009).   

Fourth, C. elegans, D. melanogaster, and D. rerio were included in other phylogenetic 

studies of Rabs (Pereira-Leal and Seabra, 2001; Mackiewicz and Wyroba, 2009; Klöpper et al., 

2012), and due to their increasing cellular complexity, would be the final taxa added to begin the 

study.   
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Fifth, Rabs from T. thermophila were initially included, but often produced long 

branches, and clustered with Ypt11, and were therefore excluded; unlike organisms of similar 

complexity (fission yeast, baker’s yeast, Plasmodium), it had more Rabs than significantly more 

complex multi-cellular organisms, such as zebrafish, roundworm, fruit fly, even humans.  

Moving forward, T. thermophila was excluded from the dataset. 

Sixth, a species that would have been ideal to include was tunicates, as they are the 

closest relative to humans compared to other invertebrate animals.  However, Rab sequences 

from any tunicate or species from the Chordata family proved difficult to identify.  Instead, we 

included M. musculus because of the evolutionary proximity to humans. 

Multiple sequence alignment  

Alignments of Rab proteins were created using MUSCLE (Edgar, 2004) and HMM 

(Johnson et al., 2010). Gblocks (Castresana, 2000) and TrimAl (Capella-Gutiérrez et al., 2009) 

were used to modify the alignments created by MUSCLE and HMM, by removing poorly 

aligned or gap heavy regions. 

Phylogenetic inference 

Phylogenetic trees were inferred by Randomized Accelerated Maximum Likelihood 

(RAxML), using the PROTGAMMAAUTO model of protein evolution (“PROT” referring to 

amino acids, “GAMMA” referring to a gamma model of rate heterogeneity, “AUTO” referring 

to an automatic protein model selection; Mayrose et al., 2005; Stamatakis, 2014).  100 bootstrap 

replicates were obtained using RAxML’s rapid bootstrapping function.  All trees were rooted on 

S. cerevisiae RAS1, as it is the founding member of the Ras superfamily, is most closely related 

to Rab sequences, and serves as an outgroup to base our analyses on. 
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Removal of rogue taxa 

Previous studies (Aberer et al., 2013, Goloboff and Szumik, 2015) have shown that 

pruning rogue taxa can improve phylogenetic signal, therefore the tool RogueNaRok (Aberer et 

al., 2011) was used for rogue taxa removal.  The algorithm uses an optimization technique to 

identify rogue taxa, such that when certain tips (representing individual Rab genes) are removed 

from a clade and exceed a majority rule consensus threshold, indicate removal of the tips had the 

most impact on disrupting tree arrangements and branch support values (Aberer et al., (2013). 

Results 

Table 1: A synopsis of different phylogenies produced, candidate sister genes of YPT10 and 

YPT11, and recovery of known homologs in humans and yeast.  

 

* = alignment trimmed of 75% of columns with gap characters.  ** = removal of T. thermophila, 

addition of M. musculus. *** = Rogue taxa removed. 

 

An initial tree (Figure 3) inferred using RAxML and an alignment created using the tool 

MUSCLE, that included all Rabs, yielded a tree with low bootstrap support (<75%) at nodes 
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joining Ypt10 and Ypt11 with candidate homologs.  Ypt10 was found to be most closely related 

to human Rab22a and Rab31, while Ypt11 was mostly closely related to Rab34 and Rab36 

(Table 1; Figure 3, Figure 4).  Both Rab22a and Rab31, as well as Rab34 and Rab36, are 

considered paralogs, sharing high sequence similarity with each other; as the clade of our yeast 

protein of interest splits with our candidate human homologs, these two human proteins diverge, 

resulting in two candidate human homologs. 

Following modification of the original MUSCLE alignment using Gblocks, which 

included all Rabs, all positions from the alignment that contained over 50% gap characters were 

removed.  A newly-inferred tree using RAxML yielded an alternative arrangement with different 

Rabs being most closely related to Ypt10 and Ypt11 (Table 1 and Figure 5).  The tree created by 

Gblocks (Figure 5, Figure 6) displayed a significantly different configuration than the tree 

aligned by MUSCLE, with the prior homologs of Ypt11 now belonging to Ypt10.  Ypt10 was 

found to be most closely related to Rab34 and Rab36, while Ypt11 was found to be most closely 

related to Rab8 and Rab10.  After a literature review, Talvera and Castresana (2007) found that 

for short genes (400-800 amino acids), the regions removed by Gblocks added more noise than 

signal compared to complete alignments, and with most of this dataset containing short genes 

(<400 amino acids), Gblocks modification of the alignment may yield questionable results. 

Based on a previous study by Pereira-Leal and Seabra (2001) that utilized a Hidden 

Markov Model (HMM) as their alignment tool, we decided to infer phylogenies based on 

alignments created using both MUSCLE and an HMM alignment program to test if various 

alignments methods had a significant impact on the resulting phylogeny.  An analysis that 

included all Rabs (Figure 7) was inferred using RAxML and an alignment created using HMM 

yielded a tree with low bootstrap support (<75%) at nodes joining Ypt10 and Ypt11 with 
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candidate homologs.  Ypt10 was found to be most closely related to human Rab22a and Rab31, 

while Ypt11 was mostly closely related to Rab34 and Rab36 (Table 1; Figure 7, Figure 8).  

There was no difference in the pairings between Ypt10 and Ypt11 and their closest human Rabs; 

however, the MUSCLE tree resulted in slightly higher bootstrap support values, and was used in 

subsequent analyses. 

Building off the original tree (Figure 3), there were concerns about low bootstrap support 

for our two yeast proteins of interest, and TrimAl was used to remove positions in the alignment 

where 75% of columns contained gaps (Figure 9) in the original alignment generated using 

MUSCLE.  Inference from the reduced alignment yielded a tree with low bootstrap support 

(<75%) at nodes joining Ypt10 and Ypt11 with candidate homologs.  Ypt10 was found to be 

most closely related to human Rab22a and Rab31, while Ypt11 was mostly closely related to 

Rab34 and Rab36 (Table 1; Figure 9, Figure 10). 

 Despite the alignment trimming, our results continued to yield low bootstrap support for 

our two proteins of interest.  One particular concern was that T. thermophila, which shows an 

unexpected expansion of Rab genes (Figure 1), might introduce noise in our dataset, and that 

there needed to be another mammal in the dataset. Thus, the T. thermophila Rabs were removed, 

and Rabs from M. musculus were included instead (Table 1; Figure 11, Figure 12).  A tree 

inferred using RAxML, an alignment using the tool MUSCLE with the updated list of Rabs, and 

using TrimAl to remove positions in the alignment where 75% of columns contained gaps, 

continued to indicate that Ypt10 is most closely related to Rab22a and Rab31, and Ypt11 is most 

closely related to Rab34 and Rab36. 

Throughout all iterations there were a few Rabs in our dataset that continued to have 

extremely long branches, across the different methodologies used.  The concern was that these 



22 
 

consistently obscure Rabs, or rogue taxa, could be affecting the resolution of Ypt10 and Ypt11, 

as well as introducing noise into the study, and was subsequently addressed by removing these 

rogue taxa.  Inference using RAxML and an alignment using the tool MUSCLE, with the 

updated list of Rabs, using TrimAl to remove positions in the alignment where 75% of columns 

contained gaps, and removal of rogue taxa, yielded a tree with low bootstrap support (<75%) at 

nodes joining Ypt10 and Ypt11 with candidate homologs.  Ypt10 was found to be most closely 

related to human Rab20, while Ypt11 was mostly closely related to Rab34 and Rab36 (Table 1; 

Figure 14, Figure 15). 
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Figure 3: Maximum-likelihood phylogram depicting the evolutionary relationships of Ras1 

from S. cerevisiae and other Rabs.  The tree was inferred using all sites in the aligned amino 

acid sequences using RAxML.  Proteins were aligned using MUSCLE.  Numbers at nodes 

represent percent of 100 bootstrap replicates that recovered the same node. 
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Figure 4: Enlarged region of the maximum-likelihood phylogram shown in Figure 3, 

highlighting the relationships of Rabs Ypt10 (top) and Ypt11 (bottom) along with their candidate 

human Rab homologs: Ypt10 – Rab22a, Rab31, Rab24; Ypt11: Rab34, Rab36. 
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Figure 5: Maximum-likelihood phylogram depicting the evolutionary relationships of Ras1 

from S. cerevisiae and other Rabs.  Tree inference was performed using the same alignment as 

the results presented in Figure 3, but following elimination of poorly aligned regions using 

GBLOCKS. 
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Figure 6: Enlarged region of the maximum-likelihood phylogram shown in Figure 5, 

highlighting the relationships of Rabs Ypt10 (top) and Ypt11 (bottom) along with their candidate 

human Rab homologs: Ypt10 – Rab34, Rab36; Ypt11: Rab8a/b, Rab10, Rab35. 
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Figure 7: Maximum-likelihood phylogram depicting the evolutionary relationships of Ras1 

from S. cerevisiae and other Rabs.  Tree inference based on HMM alignment, rooted on Ras1 

(S. cerevisiae).  Columns in the alignment with greater than 75% gap characters were removed.  

Numbers at nodes represent percent of 100 bootstrap replicates that recovered the same node. 
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Figure 8: Enlarged region of the maximum-likelihood phylogram shown in Figure 7, 

highlighting the relationships of Rabs Ypt10 (top) and Ypt11 (bottom) along with their candidate 

human Rab homologs: Ypt10 – Rab22a, Rab31; Ypt11: Rab34, Rab36. 
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Figure 9: Maximum-likelihood phylogram depicting the evolutionary relationships of Ras1 

from S. cerevisiae and other Rabs.  Tree inference was based on MUSCLE alignment, rooted 

on Ras1 (S. cerevisiae).  Columns in the alignment with greater than 75% gap characters were 

removed.  Numbers at nodes represent percent of 100 bootstrap replicates that recovered the 

same node. 
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Figure 10: Enlarged region of the maximum-likelihood phylogram shown in Figure 9, 

highlighting the relationships of Rabs Ypt10 (top) and Ypt11 (bottom) along with their candidate 

human Rab homologs: Ypt10 – Rab22a, Rab31; Ypt11: Rab34, Rab36. 
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Figure 11: Maximum-likelihood phylogram depicting the evolutionary relationships of 

Ras1 from S. cerevisiae and other Rabs.  Tree inference was based on MUSCLE alignment, 

rooted on Ras1 (S. cerevisiae).  Columns in the alignment with greater than 75% gap characters 

were removed.  Rab sequences from T. thermophila were removed, and M. musculus was added. 



32 
 

 

Figure 12: Enlarged region of the maximum-likelihood phylogram shown in Figure 11, 

highlighting the relationships of yeast Rabs Ypt10 (top) and Ypt11 (bottom) along with their 

candidate human Rab homologs: Ypt10 – Rab22a, Rab31; Ypt11: Rab34, Rab36. 

 

The continuance of the long-isolated branches of our two proteins of interest raised concerns that 

perhaps they were not resolving well in the tree, thus we took a closer look at the clade 
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containing both Ypt10 and Ypt11, along with the other genes belonging to that clade (Figure 13) 

to determine if there were any distinct differences in the phylogeny with a significant reduction 

of taxa in the dataset.  In the following tree (Figure 13), Ypt10 pairs closest to the Rab5 family, 

as well as Rab17.  Ypt11 appears to be the most divergent taxa, but pairs closest to Rab34 and 

Rab36. 

 

Figure 13: Tree created from a previous iteration (Figure 7) by selecting the entire clade that 

hosted our two genes of interest, with yeast Rabs Ypt10 and Ypt11 along with their candidate 

human Rab homologs: Ypt10 – Rab17, Rab5; Ypt11: Rab34, Rab36. 
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Figure 14: Maximum-likelihood phylogram depicting the evolutionary relationships of 

Ras1 from S. cerevisiae and other Rabs.  Tree inference based on MUSCLE alignment, rooted 

on Ras1 (S. cerevisiae).  Columns in the alignment with greater than 75% gap characters were 

removed, and rogue taxa removed using RogueNaRok 

 

. 
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Figure 15: Enlarged region of the maximum-likelihood phylogram shown in Figure 14, 

highlighting the relationships of Rabs Ypt10 (top) and Ypt11 (bottom) along with their candidate 

human Rab homologs: Ypt10 – Rab20; Ypt11: Rab34, Rab36. 
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Discussion 

Five different phylogenetic analyses identified the same candidate homologs for Ypt10 

and Ypt11, the exception being when the alignment was modified using Gblocks, which may be 

due to loss of phylogenetic signal from the significant alignment reduction by Gblocks (Table 1).  

In addition, inferences based on the alignments with “Rogue-taxa” removed also supported 

alternative arrangements (Table 1).  Of the 9 out of 11 yeast Rabs with a previously known 

human homolog, all 9 known homologous pairs were recovered in each phylogenetic analyses.  

This was consistent compared to other studies with different methodology and taxa selection, 

suggesting our study was consistent with previous studies with regards to these Rabs (Stenmark 

and Olkkonen, 2001; Buvelot et al., 2006; Klöpper et al., 2012).   This suggests that the robust 

taxon selection and phylogenetic inference method used here is appropriate for identifying yeast-

human Rab homologs.  Despite the different arrangement in the final analysis, I believe that the 

human homologs identified there are also worthy of consideration, as Aberer et al. (2013) have 

shown that their rogue-taxa removal algorithm, RogueNaRok (Aberer et al., 2011), in 

conjunction with simulated data with known homologies, yielded more accurate phylogenies 

when rogue taxa were removed.  The consistency of these results, as well as the recovery of 

known homologous pairs, leads to the conclusion that the candidate human homologs for Ypt10 

are the common ancestor of human paralogs Rab22a and Rab31 or Rab24, and similarly for 

Ypt11, the candidate human homologs are Rab34 or Rab36. 

Rab22a, candidate homolog of Ypt10 in humans 

Rab22a plays a role in endocytic and intracellular transport of proteins, localizing on 

early endosomes, regulating early endosomal sorting, and on recycling endosomes (Wang et al., 

2011; Patel et al., 2021).  Additionally, Wang et al. (2011) found that Rab22a was essential for 
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nerve growth factor (NGF)-induced neurite (axon-like extensions) outgrowth in PC12 cells (a 

cell line derived from rats that exhibits similar morphology as mature dopaminergic neurons), 

signal transduction, cell differentiation, and cell survival (Wiatrak et al., 2020).  This places an 

important role of Rab22a in the biogenesis and function of NGF-signaling endosomes that are 

important for development and survival of nerve cells (neurons) (Wang et al., 2011). 

Rab31, also known as Rab22b, as a candidate homolog of Ypt10 

Rab31, also known as Rab22b, shares over 70% sequence identity with the 

aforementioned Rab22a and is even referred to in the literature as Rab22b (Ng et al., 2007; Ng et 

al., 2009).  Despite the high percentage identity shared between these two proteins, Ng et al. 

(2007) demonstrated that the two are functionally distinct, and that Rab31 localizes to and plays 

a role in function of the trans-Golgi network, while Rab22a localizes to early endosomes (Wang 

et al., 2011).  Multiple studies have shown that Rab31 plays a role in tumor development and 

progression (Pan et al., 2015; Zhang et al., 2018; Li et al., 2021; Soelch et al., 2021).  

Additionally, Ng et al. (2009) show that Rab31 is associated with epidermal growth factor 

receptor (EGFR) trafficking in some neuronal cell types.  These roles imply Rab31 has many 

functions that are not isolated to just one specific type of cancer or mutation, but plays a broad 

role in the development of a disease phenotype. 

Rab20 as a candidate homolog of Ypt10 

Using fluorescence microscopy, Sarma et al. (2008) showed that Rab20 localizes to the 

perinuclear region of the cell as well as the endoplasmic reticulum, the organelle affected by the 

disease mechanism in our ALS8 disease model (Nishimura et al., 2005; Kabashi et al., 2013).  

Some basic roles of Rab20, described by Seto et al. (2011), show that it is involved in 
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phagosome maturation and acidification of phagosomes that engulf pathogens.  Rab20 has 

associations with various types of cancers and diseases; Schnettger et al. (2017) showed that a 

Rab20-dependent membrane trafficking pathway regulates M. tuberculosis replication, while Liu 

et al. (2021) showed that Rab20 mediates extracellular vesicles that are responsible for 

promoting hepatocarcinogenesis.  Moreover, Amillet et al. (2006) showed that Rab20 is 

overexpressed in exocrine pancreatic carcinoma, and Torri et al, (2010) showed that Rab20 is 

one of a myriad of genes able to predict inflammatory signatures in dendritic cells. 

Rab34 as a candidate homolog of Ypt11 

Rab34 is responsible for regulating the distribution of lysosomes, maturation of 

phagosomes, is involved in intra-Golgi protein transport, and localizes to the Golgi (Wang and 

Hong, 2002; Goldenberg et al., 2007; Starling et al., 2016).  Additionally, Wang et al., (2015) 

analyzed Rab34 expression in patients with low- and high-grade gliomas and found that Rab34 

expression levels were related to glioma progression and had a significant effect on patient 

survival. 

Rab36 as a candidate homolog of Ypt11 

Rab34 and Rab36 share an amino acid identity of 56% and have also been found to 

exhibit analogous functions (Chen et al., 2010).  To verify this identified homology, Chen and 

colleagues performed fluorescence microscopy using HeLa cells to determine if Rab34 and 

Rab36 shared similar localization and function and showed that Rab36 also localizes to and 

associates with the Golgi apparatus, and observed that late endosomes and lysosomes were 

distributed by Rab36, similar to Rab34.  Similar to other Rabs involvement in cancer, Zhu et al. 

(2018) utilized a microRNA (miR-1247) that was reported to suppress tumors in multiple cancer 
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types, and found that downregulation of Rab36 mimicked the tumor suppressive effects of this 

microRNA.  Upon further investigation, they found that miR-1247, the tumor suppressive 

microRNA, was found to target the untranslated region of Rab36, inhibiting Rab36 expression. 

Insights on potential functions of uncharacterized proteins 

Ypt10 may be functioning similarly to Rab20, namely by localizing to the ER and 

through involvement in phagosomes.  In light of the results that identified overexpression of 

YPT10 as a possible suppressor of ALS8 disease phenotypes in a yeast model (D. Prosser, 

unpublished results), this makes sense: the phagosomes and closely-related endosomal structures 

may participate in lysosomal delivery of aggregated proteins, while the ER is the organelle 

affected in ALS8. Ypt11, whose function remains unclear, may be responsible for distribution of 

late endosomes and lysosomes in light of these results and the known functions of its candidate 

human homologs, Rab34 and Rab36 (Chen et al., 2010; Zhu et al., 2018). 

 A study conducted by Buvelot Frei et al., (2006) observed the localization of Ypt10 and 

Ypt11 in yeast and HeLa cells using fluorescence microscopy which, in conjunction with our 

results, further narrows down the potential human homologs of Ypt10 and Ypt11.  Buvelot Frei 

et al., (2006) found that Ypt10 localized to endosomes, may be related to endocytic and vacuolar 

functions, and suggest homology with human Rab20.  A multiple sequence alignment of Ypt10 

and our candidate human homologs (Supplementary Figure S1) shows Rab20 has the lowest 

amino acid percent identity compared to Ypt10 (23.6%), versus Rab22a (31.7%) and Rab31 

(33.2%). 

Additionally, Buvelot Frei et al., (2006) found that Ypt11 localized to the endoplasmic reticulum 

as well as the Golgi, which coincide with known localizations for Rab34 and Rab36 (Chen et al., 
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2010).  A multiple sequence alignment of Ypt11 and our candidate human homologs Rab34 and 

Rab36 (Supplementary Figure S2) shows both homologs have a very low amino acid percent 

identity compared to Ypt11 (16.9% for Rab34, 14.3% for Rab36).  Despite this, the known 

functions of these human Rabs combined with the localization study conducted by Frei et al., 

(2006) indicate that Ypt11 may be behaving similarly to our identified candidate human 

homologs. 

Limitations of this study 

 One limitation of this study is that some of the genes included in the phylogenetic 

analysis may not actually be Rabs.  This was addressed in the methodology by removing genes 

that differed from other Rabs in their sequence and lacked formalized nomenclature (e.g. 

“RabX” or “Ift22”).  Another limitation is that my study may have excluded Rabs that have not 

been formally classified.  With the rise of sequencing technology, the number of Rabs discovered 

in humans has increased over the years, as Stenmark and Olkkonen (2001) identified 60 human 

Rab proteins; Colicelli (2004) describes there being 71 human Rabs; Korbeel and Freson (2008) 

state there are more than 60 human Rabs, but fail to state an exact number; Li and Marlin (2015) 

describe there being 66 Rabs in the human genome; Pfeffer (2017) states that there are at least 63 

human Rabs, but also fail to state an exact number.  Due to this uncertainty and dynamic 

evolution of identified human Rabs, an effort to consolidate and create a centralized repository 

for Rabs would be beneficial, especially considering the many implications of Rabs in diseases 

and cancers.  A consensus for the identification of Rabs has been identified previously (Pereira-

Leal and Seabra, 2001; Quevillon et al., 2003) using RabF and RabSF motifs, sequences that are 

hallmark identifiers of Rabs; however, both studies state there are outliers that defy this motif 
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requirement in a marginal number Rabs, which may be a contributing factor to the dynamic 

evolution of the number of Rabs identified in humans. 

Future directions 

 Subsequent phylogenetic hypothesis testing would be a next approach to identify the best 

candidate human homolog, starting by altering tree topology to pair each candidate homolog 

with our gene of interest.  This, in conjunction with implementation of an approximately 

unbiased test (following methods described in McCutcheon et al. (2019)), can determine which 

homologous pair and the corresponding phylogenetic arrangement has the highest likelihood 

score, thus narrowing down our candidate human homolog from three Rabs (in the instance of 

Ypt10) to just one (Huelsenbeck and Bull, 1996). 

Wet-lab verification, using complementation studies, of the proposed homologs would be 

the next logical direction.  One method would be to observe conservation of gene function: do 

our candidate human homologs recover the function of ypt10∆ and ypt11∆ in yeast?  Does 

overexpression of the candidate human homolog to Ypt10 reduce ER sensitivity in a mammalian 

model of ALS8?  The difficulty in this scenario is that ypt10∆ and ypt11∆ do not have obvious 

phenotypes, which renders a complementation assay useless unless a measurable phenotype is 

discovered.  One potential route would be to analyze RNA-seq data and gene expression levels in 

response to each of the knockouts to see if there is correlation between the yeast and human 

genes.  Another direction would be to follow in the footsteps of Oguchi et al., (2018), who used 

PC12 cells, a cell line that mimics mature dopaminergic neurons (such as those affected by 

ALS), which are derived from a rat adrenal gland carcinoma.  They measured the outgrowth of 

neurites (axon-line extensions from the soma) in response to overexpression and knockout of 

various Rab proteins, and determined whether specific Rabs had a negative, positive, or neutral 
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effect on neurite outgrowth, a simple yet measurable phenotype.  A future step could entail 

applying a similar approach and measuring neurite outgrowth in response to overexpression and 

knockout of our candidate human homologs, and if expressing plasmids containing YPT10 or 

YPT11 show similar results.  A similar response between potential homologs could indicate 

similar function, serving as further validation of homology. 

If a viable complementation assay is discovered, or a neurite outgrowth assay or similar 

study confirms homology between the yeast and human genes, the next approach would be to 

replicate both the yeast (yALS8) and the mammalian (CHO cells or another cell line) disease 

models testing the ability of candidate human homologs to suppress disease phenotypes. 

In the event that a Rab being overexpressed in a mammalian cell model reduces the 

disease phenotype, further research and development for ALS8 treatment could begin.  However, 

one important implication should be considered, given that Rabs and their expression levels are 

involved in many different complex diseases and disorders: are there any unexpected ill effects 

of overexpressing or activating our candidate Rabs?  Gene expression data in both a control and 

disease cell line before and after treatment with the suppressor Rab could tell us if the treatment 

may be worth pursuing or not. 

Conclusion 

 In conclusion, this study attempts to uncover the potential human homologs of YTP10 

and YPT11, in order to further our understanding of the suppressor gene of yALS8 with hopes of 

discovering novel routes of therapy, as well as to further characterize two of the most elusive 

yeast Rabs.  By performing this phylogenetic analysis, it serves as a foundation for future 

research and uncovers the potential human homologs of YTP10 and YPT11. 
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Chapter 2: Global-scale louse endosymbiont genome variation 

Abstract 

Human head lice rely on bacteria, Candidatus Riesia, that are intracellular, heritable, and 

beneficial for survival and reproduction.  The genome of Ca. Riesia is small in size when 

compared to closely related bacteria, due a process of genome and proteome reduction, which 

was facilitated by metabolic complementation with lice.  To understand the extent and the 

location of variation in the genome of Ca. Riesia resulting from DNA substitutions, I identified 

sites in the genome that varied across 76 Ca. Riesia samples.  Data was stored in Variant Call 

Format files and custom Python scripts to quantify overall difference and examine the 

distribution of single base pair substitutions across the genome.  High levels of variation were 

found at 190,000 bp from the 5’ end of the genome, as well as highly conserved regions at 

40,000 and 340,000 bp from the 5’ end of the genome. 

Introduction 

The human head louse and its obligate intracellular endosymbiont’s genome reduction 

 Blood feeding lice rely on an intracellular symbiotic and heritable bacterium classified as 

Candidatus Riesia pediculicola, herein endosymbiont, to provide metabolites required for louse 

development and reproduction (Perotti et al., 2007; Kirkness et al., 2010; Boyd et al., 2017).  

The endosymbiont found in the human head louse possesses a small and AT-rich genome 

(genome size: 0.5Mb; AT%: 65), when compared to closely related non-endosymbiont bacterial 

species, such as Escherichia coli str. K-12 substr. MG1655 (Genome size: 4.6 Mb, AT %: 49.5; 

Rode et al., 1999; Kirkness et al. 2010; Boyd et al., 2014; Boyd et al. 2017).  It is generally 

accepted that endosymbionts of insects start with a larger genome that is reduced as the insect 
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and bacteria coevolve (Kirkness et al., 2010; McCutcheon and Moran, 2010; McCutcheon et al., 

2019).  The Black Queen hypothesis, introduced by Morris et al. (2012), suggests that as the host 

louse provides numerous different metabolites, selective pressure for the endosymbiont to 

maintain many biosynthetic pathways is relaxed and the underlying genes are inactivated from 

the endosymbiont genome.  The removal of inactivated genes reduces the endosymbiont genome 

size.  This coincides with the proteome constraint theory, particularly in endosymbionts such as 

Ca. Riesia, which have relatively small and tightly packed genomes; as the selective pressure to 

maintain genes required for DNA replication and repair are reduced (Massey, 2008).  

Additionally, endosymbionts are asexual, have no opportunity for horizontal gene exchange, and 

undergo population bottlenecks at each host generation, a process that accelerates the fixation of 

new, potentially slightly deleterious substitutions in a phenomenon known as Muller’s ratchet 

(Muller, 1964; Moran, 1996).  Due to the reduction in genome space devoted to DNA replication 

and repair, along with Muller’s ratchet, endosymbionts are expected to have a high rate of DNA 

substitution compared to closely related bacteria (Moran et al., 2008).  All these factors 

contribute to Ca. Riesia undergoing significant genome reduction compared to free-living 

bacteria.  Given a worldwide sampling of endosymbiont genomes, the aim of this study was to 

determine how many sites in the genome varied relative to the reference genome, if the total 

number of differences were evenly distributed, or if there were areas of the genome that had seen 

more changes than other regions, including whether the variations were located within intra- or 

inter-genic regions of the genome. 
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Objective 

 My objective is to identify differences in Ca. Riesia genome from whole genome 

sequence data using a reference genome, and to determine whether the genetic variation was 

within intergenic or intragenic regions of the genome. 

Methods 

Sequence data pipeline 

Whole lice were collected and DNA was extracted and prepared for Next Generation 

Sequencing (NGS) by the Reed lab (University of Florida).  Samples were sequenced using the 

short-read NovaSeq platform.  Sequence reads were aligned to a reference genome (Ca. Riesia 

pediculicola str. USDA NCBI identifiers ASM9308v1, NC_014109.1). 

Alignment information was stored as a Sequence Alignment Map (SAM) file and 

transmitted to Virginia Commonwealth University.  The SAM files were filtered for unaligned 

reads and converted to a binary format BAM.  Single nucleotide differences were identified 

using the BAM file and used to create a Variant Call Format (VCF) file. 

Parsing VCF files for variant positions 

         I created a Python program to read in VCF files, converting the data into a 2D array 

before parsing the data.  In VCF file data, a column contains each position in the genome along 

with an exact match to the reference genome (denoted as a “.”) or the actual nucleotide change.  

This “.” was set as the “match” variable and was used to parse the VCF file for columns that did 

not contain the match identifier. 
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A dictionary data structure was selected to store both the positions (as the dictionary 

keys) and nucleotide variations (as the dictionary values); a list data structure was used to store 

the total number of positions of variance from the list of values in the dictionary.  This list was 

used to create a position vs variation histogram to visualize the distribution of variation across 

the entire USDA genome (plotting the position in the genome (x-axis) against the number of 

variations per 100 nucleotide base pairs (y-axis)). 

Parsing FASTA file of USDA genome to plot intergenic vs intragenic variation 

         To determine whether the variations collected in the previous step belonged to intragenic 

or intragenic regions of the genome, I downloaded a FASTA file containing the complete 

genome of Ca. Riesia.  I then constructed a regular expression search identifier to parse through 

the FASTA file of the complete genome to identify the numerical ranges of stop and start codons 

denoting the coding sequences (e.g. 4985..5470).  The list of variants among the complete USDA 

genome (collected in the previous step) was then cross-referenced against this new list of coding 

sequences.  This was used to create a position vs. variation histogram to visualize the distribution 

of variation among the intragenic and the intergenic regions of the genome (plotting the position 

in the genome (x-axis) against the number of variations per 100 nucleotide base pairs (y-axis)). 

Results 

In a sample of 76 genomes, single nucleotide differences were noted throughout the genome 

when compared to the reference (Figure 16).  There was a higher frequency of changes around 

~190,000 bp from the 5’ end, with fewer changes occurring in regions around ~40,000 and 

~340,000 bp (Figure 16). 
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Figure 16: Histogram of genetic variation by position for the USDA genome, using three 

VCF files.  The bars are heat-mapped to visually represent regions of high variation (yellow, 

green, light blue) versus regions of low variation (purple, dark blue). 

 

 

Subsequent histograms were created to determine if the variations were primarily located 

within intragenic regions or intergenic regions (Figures 17 and 18, respectively).  The intragenic 

regions display an increased level of genomic diversity at ~460,000 bp from the 5’ end of the 

genome (Figure 17).   In the intergenic regions, there was a spike in variation at ~190,000 bp 

from the 5’ end of the genome. 
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Figure 17: Histogram of intragenic variation by position for the USDA genome using over 

100 VCF files.  The bars are heat-mapped to visually represent regions of high variation (yellow, 

green, light blue) versus regions of low variation (purple, dark blue). 
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Figure 18: Histogram of intergenic variation by position for the USDA genome using over 

100 VCF files.  The bars are heat-mapped to visually represent regions of high variation (yellow, 

green, light blue) versus regions of low variation (purple, dark blue). 

 

 

Discussion 

Upon observation, we can see little to no variation in certain sites.  According to the 

reference sequence of Ca. Riesia, there are two areas of the genome that each contain a copy of 

16S rRNA (38,674-40,233 bp; 337,291-338,850bp) (figure 16), both of which fall within the 

highly conserved regions in the results.  One region with high variation, around the 190,000 bp 

mark, falls within the purB gene (184835-186238bp), which encodes for adenylosuccinate lyase 

(ADL).  ADL is necessary for the synthesis of adenosine monophosphate (AMP) and fumarate 

from adenylosuccinate and inactivation of the gene purB resulted in reduced growth in the 

closely related E. coli (Tsai et al., 2007; Fyfe et al., 2010; Jung et al., 2010).  Another region 

with high variation contained the gene infA (191989-192207bp), which encodes for Initiation 
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factor 1 (IF1), a protein that is required for initiating translation and has been found to be 

essential in E. coli (Dahlquist and Puglisi, 2000; Ko et al., 2006).  These results relate to 

Muller’s ratchet as the isolated population size contributes to an acquisition and increase in 

deleterious mutations in a gene that is not essential and another that is essential in E. coli (both 

genes are present in the genomes of other sequenced Ca. Riesia species) (Muller, 1964; Moran, 

1996), suggesting no gene is impervious to the impacts of Muller’s ratchet.  These results also 

suggest some regions of the genome are impacted more by DNA substitutions than others. 

Another level of high variation occurs ~460,000bp within an intragenic region, with 

genes murC (454520-455977bp), murG (456015-457088bp), and murD (458224-459543bp); all 

of these protein-encoding genes involved in cell membrane synthesis which may be impacted 

due to being isolated within the host (Mengin-Lecreulx et al., 1991; Wachi et al., 1999; Sink et 

al., 2013).  The high level of variation within these seemingly essential cell-membrane genes 

suggests they are nascent pseudogenes and the Black Queen hypothesis may provide some 

insights; since the endosymbiont lives comfortably within the cytoplasm of the louse host, it may 

no longer require a protective cell-wall as much as its free-living bacterial relatives. Thus, the 

rate of mutation of these genes increases in Ca. Riesia, which may lead to the eventual loss of 

these genes (Morris et al., 2012, Derilus et al., 2020). 

Conclusion 

 This global-scale study observing the variations of the endosymbiont Ca. Riesia 

reinforces the Black Queen hypothesis, Muller’s rachet, and the proteome constraint theory.  

Additionally, it serves as a foundation for looking into the specific genes undergoing high rates 

of mutation observed, and may lead to novel predictions on future gene loss. 
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Supplementary materials 

 

Figure S1.  Multiple sequence alignment of the Yeast protein Ypt10 and candidate human 

homologs Rab20, Rab22a, Rab31. Alignment created using MUSCLE (Edgar, 2004) and 

visualized using MView (Brown et al. 1998), with amino acid identity highlighted by color. 
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Figure S2. Multiple sequence alignment of the Yeast protein Ypt11 and candidate human 

homologs Rab34 and Rab36. Alignment created using MUSCLE (Edgar, 2004) and visualized 

using MView (Brown et al. 1998), with amino acid identity highlighted by color. 
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