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Abstract: 
Septins are cytoskeletal proteins important in morphogenesis, cell division and 

establishing and maintaining cell polarity. Over the course of more than a billion years 

as Animals and Fungi originated and diversified, their septin genes duplicated and 

diverged, giving rise to paralogs that encode modular proteins. The septin monomers 

assemble into heteropolymeric higher order structures that affect cell form by creating 

physical barriers to diffusion or serving as scaffolds organizing groups of diverse 

proteins. Here we take advantage of newly sequenced genomes to track the history of 

septin gene expansions and losses within the phylogeny of Animals and Fungi, 

including their close protist relatives. By sampling broadly across Opisthokonts, we 

identified the likely presence of early-diverging animal lineages within Groups 4 and 2A 

and discovered a novel group of fungal septins not found in Ascomycetes or 

Basidiomycetes. We hypothesized that previously identified sequence conservation is 

linked to interface interactions. Using protein homology folding, we mapped interacting 

residues across Opisthokonts and found that all previously identified motifs were 

involved in interface interactions, and contained almost all interacting residues. As 

septin subunit interactions are likely driven by residue identity, we categorized the 

interacting residues and found specific interface residues associated with each septin 

Group. We suggest that these residues may explain patterns of septin subunit binding 

affinity. Notably, we found that Group 3 septins show little conservation within the 

polybasic region that forms the first alpha helix, found in the NC interface of other septin 

Groups. This may explain the capping role of Group 3 septins in the yeast septin 

octamer. With increased sampling, this work identified increased diversity of 

Opisthokont septins. These proteins show patterns of sequence conservation that are 

largely driven by conserved interface interactions, in addition to binding of GTP. This 

work highlights the likely duplications that predate the Opisthokont ancestor, and the 

structural constraints that shaped the evolution of these multi-purpose septins. 

Additionally, I attempted to validate and optimize an Agrobacterium-mediated 

transformation protocol for the chytrid fungus Blastocladiella. While I was unable to 

conclusively repeat previously published experiments, my work highlighted the 

difficulties in transformation of these distinct fungi. 
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Lay Summary: 

 
The molds and mushrooms that we commonly encounter share an ancestor with 

animals roughly one billion years ago. This ancient ancestor was likely an aquatic 

organism that we could call a protist if we saw it today. Fungi and Animals took separate 

evolutionary paths over this time, resulting in distinct morphologies, yet share many 

genes, some of which determine cell shape. Initially I attempted to directly assess these 

genes in a chytrid fungus with a distinct morphology, but was unsuccessful. Instead, I 

investigated the evolutionary history of a shared morphological gene family. I surveyed 

these genes from diverse Animal and Fungal lineages, and found more shared genes 

than previously thought. I also found that the evolution of these genes was constrained 

by required interactions between genes. This work can be used to further our 

understanding of gene evolution in Animals and Fungi, and how their interactions 

evolve. 
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Preface: 

The work presented in Chapter 1 was the result of a collaboration with Dr. 

Michelle Momany at the University of Georgia. The structural analysis of the septin 

genes was performed with the assistance of Dr. Momany at the University of 

Georgia. The initial idea to focus on septins as a morphological driver was 

formulated by Ms. Jaclyn Dee in the Berbee Lab, but I performed all of the 

analyses presented here. The results of this chapter are being prepared for 

publication as a journal article co-authored with Dr. Berbee, Jaclyn Dee and Dr. 

Momany. I wrote the manuscript with editing assistance from Drs. Berbee and 

Momany. 

The work presented in Chapter 2 on Agrobacterium-mediated transformation was 

performed myself at UBC with the assistance of Dr. Berbee and Ms. Dee.  

 

An outline of the work on transformation of Blastocladiella was presented in 2016 to the 

Mycological Society of America under the heading of: 

Progress towards genetic transformation in a Blastocladiomycete fungus. 

Auxier B, Dee J, M Berbee, Mycological Society of America, August 2016 

 

The results of the septin phylogenetic and structural analysis was presented in 2017 to 

the Mycological Society of America under the title of: 

Evolutionary expansion of the cytoskeletal septin proteins predates 

diversification in fungal morphology. Auxier B, Dee J, M Momany, M Berbee. 

Mycological Society of America, July 2017 
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Glossary 
 
 
Animal ï The use of capitalized Animal indicates the monophyletic group encompassing 
Metazoans as well as related lineages, resulting is a sister group to Fungi 
 
BNI5 ï Bud Neck Involved gene 5. Involved in cell division in Saccharomyces, and 
directly interacts with septins as shown by Bertin et al., 2008. 
 
CDC3/10/11/12 ï Cell Division Cycle genes originally identified in Saccharomyces 
mutants. CDC3/10/11/12 were found to be the four core septins in Saccharomyces. 
 
Fungi ï The use of capitalized Fungi indicates the monophyletic group that is sister to 
Animals, encompassing terrestrial Fungi as well as parasitic lineages. 
 
G Interface ï The interface between septin subunits composed of residues near the 
GTP-binding domain 
 
G1/3/4 ï GTP-binding boxes. G1/3/4 are unique to septins. 
 
Group 1/2/3/4/5 ï Septin phylogenetic clades identified by Pan et al., 2007. Group 3,4,5 
were originally found to be restricted to Fungi. 
 
NC Interface ï The interface between septin subunits composed of residues from the 
amino and carboxy termini of the protein. 
 
PB Domain ï A region unique to septin proteins that resides near the N terminus and 
binds phosphoinositol in plasma membranes using the multiple basic residues 
(commonly refered to as either Poly Basic or Phosphoinositol Binding). 
 
S1/2/3/4 ï Motifs of unknown role identified by Pan et al., 2007. 
 
Sept2/6/7 ï Septins from Homo sapiens, used to obtain crystal structures. 
 
 
 
 
 
 
  



ix 

List of Abbreviations 
 
AIC ï Aikake Information Criterion. A criterion used for model selection based on model 
likelihood and number of parameters. 
 
CDD ï Conserved Domain Database. An online database used to identify conserved 
regions in protein sequences. Provided by the National Center for Biotechnology 
Institute. 
 
CTE ï Carboxy Terminal Element. A septin region found terminal to the SUE, and 
highly variable between septin Groups. This regions forms coiled-coil domains in many 
septins. 
 
GTP ï Guanosine Triphosphate. Septins bind and hydrolyze GTP during oligomer 
assembly. 
 
HOS ï Higher Order Structures. Formed by septin heterooligomers, found as rings or 
bars inside cells. 
 
LG ï Le and Gascuel protein substitution matrix. Used to infer probability of protein 
residue change. 
 
NTE ï Amino Terminal Element. A septin region found proximal to the PB domain, and 
highly variable between septins Groups. This region binds membranes in many septins. 
 
SUE ï Septin Unique Element. A region found next to the CTE, unique to septins. 
Residues in this region bind both the NC and G interface. 
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Introduction 

I am interested in the processes that underlie the evolution of morphological 

complexity in Fungi. The ancestor of this diverse group was a unicellular, aquatic, 

protist, yet we now see many morphologies represented including flagellated, non-

flagellated, unicellular, and filamentous. Across Fungi we see a diversity of cellular 

organizations, and repeated evolution of filamentous growth with multiple reversions to 

a unicellular state. These repeated changes between cellular morphologies on an 

evolutionary timescale seems to be a special feature of Fungi, as transitions in other 

lineages like animals, plants, or heterokonts are much less common. Presumably this 

distinctive number of morphological transitions in Fungi is due to differences in the 

genetic machinery of Fungi, which may be more pliable than in other lineages. To 

investigate this Fungal morphogenesis machinery, I used two approaches. 

The first approach I present is a detailed analysis of a family of cytoskeleton 

proteins, septins, that in Fungi are involved with many aspects of cellular morphology as 

well as other cellular processes. I wanted to investigate the origin of these proteins, and 

compare patterns of gene evolution to organismal evolution, especially morphological 

complexity. I used a combination of bioinformatics and phylogenetics to understand the 

evolution of these septin proteins and the constraints on these structural proteins. 

Previous analyses lacked the diversity of genomes from early-diverging lineages now 

available, and I believed these especially would yield new data. 

A second, more direct, approach to understand early evolution of Fungi was to 

refine a transformation system in an early-diverging zoosporic fungus to assess the role 

of morphogenesis genes. Using such a system, it would be possible to localize proteins 

and collect mutant phenotypes, which could be compared to model systems like 

Saccharomyces. The well-known hyphal form did not evolve until after the zoosporic 

fungi diverged, yet they share a surprising number of morphogenesis-related genes. 

This indicates that the machinery for morphological transitions was present prior to 

hyphal growth, but the role of this machinery is these non-hyphal lineages is unknown. 

A reliable transformation system would enable me to investigate these questions. 
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 Chapter 1: Analysis of Opisthokont Septins 

1.1 Introduction: 

 From their common unicellular ancestor ~1.3 billion years ago, Opisthokonts, the 

clade uniting animals and fungi, inherited a core set of genes which through 

duplications, deletions and other modifications gave rise to an astounding range of 

morphological and physiological diversity (Ruiz-Trillo et al., 2007). Septin genes are 

among those that appear to have expanded during opisthokont diversification. Given 

their important roles in morphogenesis, septin proteins may have contributed to the 

evolution of opisthokont complexity and diversity. Alongside the better known proteins 

that form actin filaments, intermediate filaments, and microtubules, septins assemble 

into filaments or rings that form part of the cytoskeleton (Mostowy & Cossart, 2012). In 

both Animals and Fungi, septins form physical barriers to diffusion and also anchor 

proteins to substrates such as the plasma membrane and endoplasmic reticulum 

(Bridges et al., 2014; Takizawa, DeRisi, Wilhelm, & Vale, 2000). In animals, septins are 

involved in cell division, and localize to the plasma membrane during cytokinesis 

(Spiliotis & Gladfelter, 2012). Perturbation of septins is associated with many diseases 

(Angelis & Spiliotis, 2016; Mostowy & Cossart, 2012). In Fungi, septins are involved in 

cell division and in determining morphology (Gladfelter, 2010; Oh & Bi, 2011). Septins 

are required for virulence in many fungal pathogens of plants and animals (Bridges et 

al., 2014; Kozubowski & Heitman, 2010; Momany & Talbot, 2017). 
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Figure 1.1 ï Organization of a septin protein. A) Three-dimensional crystal structure 
from PDB (2QA5) in three orientations, connected with dashed arrows, each rotated by 
90ę. Position of GTP binding is located with arrow with solid line. Structures are 
coloured according to regions in B). Note that coiled coil regions are not resolved in the 
crystal structure. B) Linear representation of a septin gene, indicating the arrangements 
of the major septin elements. B) reproduced with permission from Pan et al., 2007. 

 Structurally, septin proteins (Fig 1.1) consist of an amino-terminal extension 

(NTE) that is highly variable, which borders the poly-basic (PB) domain that is thought 

to be involved in membrane binding, and the PB abbreviation also alludes to 

phosphoinositol binding (Bertin et al., 2010; Sirajuddin et al., 2007). The center of the 

protein is a highly conserved Ras-type GTPase, which is thought to be solely for 

conformational shifting due to extremely slow hydrolysis of GTP (Sirajuddin, 

Farkasovsky, Zent, & Wittinghofer, 2009; Weirich, Erzberger, & Barral, 2008). Carboxy-

terminal to the GTPase there is a septin unique element (SUE) that has a largely 

unknown role, although some studies have found involvement in interface binding 

(Sirajuddin et al., 2007). The Carboxy-terminus extension (CTE) of the protein is also 

highly variable and is predicted to form coiled-coils in many Opisthokont septins, 

contributing to forming septin higher order structures (HOS) (Pan, Malmberg, & 
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Momany, 2007). To form HOS, individual septins first form heterooligomers by 

interacting through their G- and NC-interfaces, and these heterooligomers interact with 

each other through the coiled-coil domains and the septins that cap the ends of the 

heterooligomers. The order of septins is non-random and apparently consistent among 

all the septin heterooligomers within a cell (Sellin, Sandblad, Stenmark, & Gullberg, 

2011). Human septin monomers and their heterooligomers have been analyzed by 

crystallography and transmission electron microscopy, leading to an increasingly 

sophisticated understanding of the basis for monomer assembly at the level of 

interactions of interface amino acid residues (Sirajuddin et al., 2007). With available 

crystal structures of the human septins as spatial constraints, it becomes possible to 

model the three-dimensional structure of other orthologous Opisthokont sequences. 

This opens the door to recognizing interactions between conserved amino acid residues 

in aligned Opisthokont septins, which direct septin heterooligomer self-assembly. 

 New whole genome sequences from unicellular relatives of animals and from 

non-filamentous fungi that diverged from over a billion years ago now provide 

opportunities to relate patterns of gene evolution and morphological complexity with 

increasingly sophisticated organismal phylogenies. This improved sampling of 

Opisthokont diversity will allow us to infer where genes were lost or duplicated and to 

evaluate the origin of previously identified groups (Pan et al., 2007). 

 In this chapter, we take advantage of the new wealth of genome sequence data 

and reconcile septin gene copy number with the Opisthokont phylogeny. This allows us 

to evaluate time of origin of septin Groups as well as gains and losses. We combine 

phylogenetic information with protein modeling to test the hypothesis that interacting 

interface regions between septin monomers would correspond to previously 

unexplained conserved motifs in septin alignments. By comparing the identity of 

interface residues between septin groups, we hoped to suggest informed targets for 

further mutagenesis studies, the analysis of which may reveal rules for septin partner 

assembly. 
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1.2 Materials and Methods: 

Septin searches and coiled-coil domain prediction 

To identify Opisthokont septins, we downloaded the predicted proteomes of 22 

taxa (Table A.1). We searched these predicted proteomes using PSI-BLAST using 

Saccharomyces cerevisiae CDC3 (NP_013418.2) as the initial query and an e-value 

cutoff of 0.001. After three iterations of PSI-BLAST all the known septins from model 

organisms Aspergillus, Drosophila, and Saccharomyces were recovered. As an 

alternative search strategy we also used HMMER (Eddy, 2008), using a previous 

alignment as a search profile (Pan et al., 2007). To remove proteins that only shared 

sequence similarity due to the GTPase domain but lacked other septin domains, we 

used the Conserved Domain Database (CDD) (Marchler-Bauer et al., 2015) and a 

custom python script to retain those with recognized domains ñP-Loop_NTPaseò, 

ñCDC3ò, or ñCDC_septinò, or if they had at least two of three G boxes (G1, G3, G4) in 

the GTPase domain but no other conflicting domains such as ñLysMò, or ñDNA_bindingò. 

These criteria allowed us to include S. cerevisiae CDC3, as not all three of its G boxes 

are recognized by CDD, and A. nidulans AspE for which CDD does not recognize a 

CDC3 or CDC_Septin domain. Filtering retained 120 septins. As the criteria were based 

on previously known septins, we cannot exclude that we may have missed novel 

diversity. To assess potential septins in the Opisthokont ancestor, we searched the 

genomes of Thecamonas trahens, a member of the Opisthokont sister group Apusozoa, 

and the closely related breviate Lenisia limosa (Hamann et al., 2016), but no septin 

sequences were recovered (data not shown). These filtered proteins were aligned with 

COBALT (Papadopoulos & Agarwala, 2007) with default settings, and the alignment 

was visualized with Mesquite (Maddison & Maddison, 2016). To predict coiled-coil 

domains known to be involved in septin interactions, we used the MarCoil webserver 

with the 120 proteins (Delorenzi, 2016). 

Phylogenetic analysis 

 We processed the septin alignment using Aliscore and Alicut (window size, 12) to 

remove areas where positional homology was doubtful (Kück et al., 2010; Misof & 

Misof, 2009), after pruning 344 sites remained. Using ProtTest3 with AIC (Darriba, 

Taboada, Doallo, & Posada, 2011), we chose LG + gamma + invariant sites as an 

appropriate model of evolution for subsequent analyses. With RAxML v8.0 using the 
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CIPRES portal (Miller, Pfeiffer, & Schwartz, 2010; Stamatakis, 2014), we performed 

2000 maximum likelihood searches of the 344 site alignment and then 456 bootstrap 

replicates (a sufficient number based on -autoMRE option (Pattengale, Alipour, Bininda-

Emonds, Moret, & Stamatakis, 2009). We also performed a Bayesian analysis with 

MrBayes v3.2.4 with the LG +gamma + invariant sites model (Huelsenbeck & Ronquist, 

2001). We used two independent runs of 8 chains each, modifying the heating 

parameter to 0.06 to increase the swap frequency and ran the analysis for 200 million 

generations. We used TRACER to select a burn-in of 50%, by which point the average 

split frequency was below 0.01, and all parameter estimated sample sizes were over 

200 after removing the burnin (Rambaut, Suchard, Xie, & Drummond, 2014). 

  We also used a current Opisthokont topology to inform a jPRIME analysis of the 

septin gene phylogeny. jPRIME increases phylogenetic resolution by using an 

ultrametric organismal phylogeny as an informative prior to parameterize gene 

duplication and loss rates (Åkerborg, Sennblad, Arvestad, & Lagergren, 2009; 

Sjöstrand, Sennblad, Arvestad, & Lagergren, 2012). For the required organismal 

phylogeny we started with an accepted topology (Torruella et al., 2015), which is shown 

in Figure 1B. Because our analysis involved only 22 out of the 83 species in Torruella et 

al.'s analysis, we re-estimated branch lengths starting with genomic data. With 

OrthoFinder we identified orthologous gene groups for the 22 taxa (Emms & Kelly, 

2015), aligning the orthologs with MAFFT with the ïauto setting and concatenating them 

with FasconCAT (Kück & Longo, 2014). With ProtTest3, we selected the LG model of 

evolution for the concatenated alignment. Using this alignment, we inferred branch 

lengths for Torruella's tree with RAxML v8.0. We transformed the tree to be ultrametric 

with r8s (Sanderson, 2003), applying the Turner-Nash method, and using cross-

validation to select a smoothing value of 14. We constrained the age of the basal node 

of the Opisthokonts to 1350 million years, within the range estimated by Parfrey et al. 

(Parfrey, Lahr, Knoll, & Katz, 2011).  

 We then ran two independent jPRIME analyses of the aligned septin genes using 

the ultrametric version of Torruella's organismal tree for 50 million generations each, 

using RWTY (Warren, Geneva, & Lanfear, 2017) to confirm that the split frequency 

standard deviation was below 0.01. TRACER showed that after discarding the first 50% 

of the trees, the estimated sample sizes were over 200 for all parameters except for the 
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gene duplication rate and the model of molecular evolution, which were both over 100. 

To summarize the jPRIME results with a Most Clade Credible Tree, we applied 

SumTrees from the DendroPy distribution (Sukumaran & Holder, 2010). We used the 

packages ape and ggtree (Paradis, Claude, & Strimmer, 2004; Yu, Smith, Zhu, Guan, & 

Lam, 2017) in R 1.0.143 to visualize the phylogenies. We rooted the septin phylogenies 

with the clade of Group 3 and 5 for reasons discussed below. 

Septin genealogy reconciliation and ancestral state reconstruction with animal and 

fungal organismal phylogeny 

 To reconstruct septin gene duplications and losses along the Opisthokont 

phylogeny, we reconciled the jPRIME septin phylogeny with the species tree using 

NOTUNG v2.8.1.7 (Vernot, Stolzer, Goldman, & Durand, 2008). We allowed 

rearrangements of the septin phylogeny for nodes with a posterior probability below 

0.90, resulting in 2 equally parsimonious reconciliations. We used the average number 

of inferred septins from the two reconciliations as thickenings in the branches of the 

species tree in Figure 1B. To track the origin of septin groups within the organismal 

phylogeny, we reconstructed ancestral states with Mesquite v3.2. To designate Group 

identity, we anchored the largest monophyletic group possible around Aspergillus or 

Drosophila septins (excluding NP_724659 as it did not consistently group with other two 

Drosophila Group 2 septins). The Group designations are shown in Supplemental Fig 1-

3, with the Aspergillus and Drosophila anchor septins in bold. We used the Groups as 

recovered in the jPRIME analysis to code each taxa for presence or absence of each 

Group (see Fig. 1C). Using Mesquite, we traced the ancestral state with a transition 

matrix with gain and loss rates set to be equal (MK1), as well as independent (MK2), for 

each of the 7 Groups. In all cases, the MK1 model with equal gain and loss rates could 

not be rejected based on the Wilks hypothesis test (Fig A.4). The complete ancestral 

state reconstruction is found in Figure A.4, and nodes of interest are found in Figure 1A. 

 As an additional test of the statistical support for orthology of Animal and Fungal 

sequences within septin groups, we first constrained all the animal septins within one 

clade and all the fungal septins within another. We then found the most likely tree from 

2000 independent searches, given the constraint using RAxML. Again, with RAxML we 

calculated the per-site likelihoods of the data given the most likely tree found initially 
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and that given the constrained tree. We used the per-site likelihoods as input for an AU 

test with Consel (Shimodaira & Hasegawa, 2001). 

 

Prediction of interface interacting residues of group 1 and 2 septins based on crystal 

structures 

 To predict septin interface residues, we designed a workflow based on a recent 

publication on interface residue evolution (Ames, Talavera, Williams, Robertson, & 

Lovell, 2016). First, for each Opisthokont taxon a single Group 1 and Group 2 septin 

was chosen, arbitrarily choosing one protein when paralogs were present. As several 

early-diverging lineages lacked either Group 1 or Group 2 septins, we could not use 

these taxa for the analysis. To increase the size of the dataset, we added Homo 

sapiens Sept2/Sept6 and Caenorhabditis elegans unc59/unc61 as they could be 

assigned to orthologous septin Groups without requiring phylogenetic analysis (Cao et 

al., 2007). This resulted in 17 taxa (34 septins) for further analysis, summarized in Table 

A.2.  

 Next, we downloaded crystal structures for the Group 1-1 G-interface dimer 

(2QA5) and Group 2-2 G-interface dimer (3TW4) from PDB (Berman et al., 2000; 

Serrão et al., 2011; Sirajuddin et al., 2007). We also extracted the Group2-2 NC-

interface homodimer, the Group1-2 G-interface heterodimer, and the Group1-2 NC-

interface heterodimer from the human septin hexamer (2QAG) using PyMOL (Sirajuddin 

et al., 2007; The PyMOL Molecular Graphics System).  

 We then individually aligned the septins to the appropriate crystal structure using 

SALIGN implemented in Modeller (Sali & Blundell, 1993). Using Modeller, we produced 

twenty-five independent homology-folded models of each Opisthokont septin dimer, 

selecting the model with the lowest objective score ñmolpdfò. To this model we added 

hydrogen atoms with the program reduce (Word, Lovell, Richardson, & Richardson, 

1999) with the flags ïbuild and ïFLIP to allow for sidechain rotation based on steric 

hindrance. We assessed the distance between residues in the reduced dimer structures 

with the program probe (Word, Lovell, LaBean, et al., 1999) using the default probe 

radius of 0.25Å, with the flags ïUnformatted to allow parsing of the raw data, ïOneway 

to ignore chain interactions within a subunit, and ïNOCLASHOUT to ignore clashes 
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between the peptide backbones resulting from improper modelling. These settings were 

designed to retain only interactions from either hydrogen bonding or Van der Waals 

interactions. We eliminated duplicate hits from the multiple atoms in a common residue 

with a bash script. The locations of the residues were mapped onto S. cerevisiae CDC3 

(NP_013418) as a reference using an in-house script based on a MAFFT alignment with 

default settings of all the Group 1 and Group 2 septins in Table A.2. 

 We measured the conservation of septin protein sequences using Jensen-

Shannon divergence, which compares the distribution of residues in each column of an 

alignment with a null model based on entropy, using the webserver (Capra & Singh, 

2007) and a window size of one. As input, we used all the septins excluding Group 5 

septins, 103 sequences. We reasoned that since there is no evidence that Group 5 

septins are involved in dimerization (Hernández-Rodríguez et al., 2014; Kozubowski & 

Heitman, 2010) with other septins, they would add noise to the analysis as they likely 

lack conserved interface residues. To visualize the conservation of the residues that are 

consistently found interacting in Opisthokonts, we made WebLogos of the interfaces 

found in at least 10 of the 17 taxa, using the webserver interface (Crooks, Hon, 

Chandonia, & Brenner, 2004). 

1.3 Results: 

Septin classification into groups 

All sampled Opisthokont genomes contained predicted septins, ranging from 2 in 

Sphaeroforma to 14 in Phycomyces (Fig. 1.2). Previous phylogenetic analysis showed 

that septins fell into 7 clades designated Group 1A, 1B, 2A, 2B, 3, 4, and 5 (Pan et al, 

2007). As a criterion to enable us to compare our Groups to those of Pan et al., we 

recognized clades based on the previously classified Aspergillus ortholog in each 

(indicated in Fig. A.1-3 with bold gene names). Two groups (1B and 2B) lacked 

Aspergillus members, so we recognized these based on Drosophila sequences (Fig. 

A.1-3, bold gene names). By these criteria, we could place most Opisthokont septins 

from recently sequenced genomes within the previously recognized clades. The 7 

clades accommodated 114/120 sequences in RAxML analysis (Fig. A.1), 99/120 in 

MrBayes analysis (Fig. A.2), and all 120 septins with jPRIME (Fig. A.3). Septin Groups 

most commonly contained zero or one gene copy per organism, with some taxa such as 

Phycomyces, Basidiobolus, and Drosophila containing duplications in more than one 
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Group (Fig. 1.2 C). Group 1A septins were the most consistently present Group, 

appearing as single copy genes in 17-20 of 22 taxa (depending on the analysis) and as 

duplicated genes in one to two taxa. While most fungi had a single copy of a Group 2A 

septin, Encephalitozoon and Paramicrosporidium had none, and Basidiobolus and 

Phycomyces each had two. Animal lineages, when present, had a single Group 2A 

septin. Saccharomyces had three copies of septins classified as Group 3 in RAxML and 

jPRIME but these were divergent and difficult to place. In illustrating septin gene copy 

numbers across septin Groups, the heat map in Fig. 1.2 C shows that three analytical 

methods, ML, Bayesian and jPRIME largely agreed on the phylogenetic classification of 

septins. 

 The presence or absence of predicted coiled-coil domains was conserved within 

well-supported septin Groups but sometimes varied when genes were poorly resolved 

phylogenetically and from early-diverging protists. Coiled-coil domains were present in 

almost all members of Groups 1B, 2A, 2B, and 4 (Fig. A.1-3). Among Group 1B septins, 

only Batrachochytrium lacked the predicted domain. Salpingoeca XP_004994451, 

placed in Group 2A by the RAxML and MrBayes analyses, seemed to lack the domain, 

but close inspection showed that the gene prediction was missing the 3ô end where 

coiled-coil sequences would likely reside if present. Of the Group 3 septins, most 

(13/19) had a predicted coiled-coil domain. Group 4 septins had predicted coiled-coil 

domains with the exception of four genes of inconsistent phylogenetic placement (Fig. 

A.1-3). Group 1A lacked coiled-coil domains, again with the exception of poorly 

supported members such as Fonticula XP_009497655 (Figs A.1-3). Capsaspora 

XP_011270180, placed in 1A by jPRIME analysis was unique among our sequences in 

having a predicted N-terminal coiled-coil domain (Fig. A.3). None of the Group 5 septins 

except Catenaria 1512492 had a strongly predicted coiled-coil domain and its domain 

was positioned in the center of the sequence rather than the end as in other septins. 

One of the Basidiobolus septins also had a weakly predicted coiled-coil domain (Fig. 

A.1-3).  
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Figure 1.2: Analysis of early-diverging lineages provides evidence of ancestral septin 
duplications. A) Shaded area of each pie chart indicates the proportion of likelihood that 
the specified ancestor had a member of a septin group. Group 2 may be monophyletic 
or Group 2A and 2B may have arisen independently; reconstructions resulting from 
these two alternatives are illustrated. B) Gene duplications reconstructed within a 
species phylogeny. Branch thickness represents the NOTUNG inferred number of 
septin gene copies using the jPRIME septin gene phylogeny. Stars indicate a change in 
morphology of a lineage. This species phylogeny was used to guide jPRIME and 
ancestral state reconstruction. C) Cell shading indicates copy numbers of septin genes 
representing each septin group as classified by each of three phylogenetic methods. 
Classification of septins from an organism sometimes differed depending on the 
analysis method, reflecting uncertainty in phylogenetic placement of divergent 
sequences. 
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Increased taxon sampling captures ancient gene duplications and losses throughout the 
evolutionary history of septin evolution 

To estimate the timing of the origin of septin Groups, we performed ancestral 

state reconstructions. The reconstructions suggested that the ancestor of animals, 

fungi, and related protists had septin Groups 1A, 4 and possibly 1B and 5 (Fig. 1.2A). 

To explain the origin of these Groups, 1-4 gene duplications must have preceded the 

divergence of fungi from animals. This was consistent with the NOTUNG reconciliation, 

which indicated the presence of four septins (resulting from three gene duplications) in 

the Opisthokont ancestor prior to the divergence of fungal and animal lineages (Fig. 

1.2B). Among fungi, the ancestor of the walled osmotrophic fungi (Batrachochytrium 

through Schizophyllum) gained a Group 3 septin, and we see the appearance of Group 

2A (Fig. 1.2A). Morphologically simple yeasts (Saccharomyces and Cryptococcus) had 

as many septins as the morphologically complex mushroom forming fungus 

Schizophyllum. Among the newly analyzed septins from early diverging animal lineages 

(Sphaeroforma to Salpingoeca Fig. 1.2B and C) and fungal lineages (Fonticula to 

Paramicrosporidium, Fig. 1.2B and C), the representation of septins across the seven 

Groups is patchy, consistent with repeated gene losses over an immense period of 

geological time.  

As expected, including additional early-diverging lineages not only increased the 

diversity of septins recovered, but also the challenges involved in phylogenetic 

resolution (Figs. 1.2C, A.1-3). The point of origin of Group 2 was difficult to assess 

because it was unclear whether 2A and 2B (Pan et al., 2007) together formed a 

monophyletic group (Fig. A.1-3). When we assumed that they were not monophyletic, 

the Opisthokont ancestor was reconstructed as having neither. When we assumed 2A 

and 2B were sister clades as suggested, although without statistical support by the 

jPRIME analysis (Fig. A.3), then Group 2 was reconstructed as present in the 

Opisthokont ancestor. The absence of recognizable septins from protist relatives of 

opisthokonts made outgroup rooting of the septin gene tree impossible. We rooted the 

septin gene tree along a branch present in all inferences (Figs. A.1-3) that separated 

Groups 3 and 5 from Groups 1A, 1B, 2 and 4. This allowed for consistent presentation 

(Figs. A.1-3) but a possible artifact of the rooting was the inference that the Opisthokont 

ancestor had a ~60% likelihood of having had a Group 5 septin (Fig. 1A).  
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Highly conserved residues are in GTP binding and monomer interaction surfaces 

Previous analysis of Opisthokont septins revealed three highly conserved motifs 

involved in GTP binding (G1, G3 and G4) along with five motifs of unknown function 

(S1, S2, S3, S4 and SUE) (Pan et al., 2007). To determine if these conserved residues 

were also present in septins from recently sequenced early-diverging Opisthokonts, we 

analyzed the phylogenetic dataset with Jensen-Shannon divergence (Fig 2A) (Capra & 

Singh, 2007). As expected, all three GTP binding motifs were highly conserved. The S2 

motif showed similarly high levels of conservation, while S1, S3, S4 and the SUE motifs 

were conserved at somewhat lower levels. 

All of the septins that we analyzed shared a small number of highly conserved 

sites (Fig. 1.3), without which we could not have recognized or included them. However, 

outside of the few conserved sites, septins from the early-diverging organisms showed 

little phylogenetic signal due to minimal amino acid sequence similarity even among 

sequences that appeared to be orthologs. To understand why residues not required for 

GTP binding might be conserved, we used known structures of Group 1 and 2 

heteropolymeric septin filaments from Homo sapiens to model the structures of 

orthologous pairs from diverse Opisthokonts. Because septin monomers that interact 

with each other must be compatible, we focused on interface regions.  

 The conservation of interface residues is shown in Figure 2. Of the 520 residues 

in the Saccharomyces cerevisiae CDC3 reference septin, 147 (28%) had a Shannon-

Jensen conservation score greater than 0.50 when calculated using all septins except 

for Group 5, and all residues with greater than 0.5 conservation were found within the 

central region of the protein. To identify residues consistently involved in septin-septin 

interactions, we used a criterion of interaction in the modelled dimers in at least 10 of 

the 17 taxa. With this criterion, there were 29 interacting residues across the G 

interface, and 20 across the NC interface. In the G interface, 22 of the 29 residues were 

in previously identified regions/motifs, and 14 of the 20 residues in the NC interface 

were in previously identified conserved regions.  
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Figure 1.3: Septin interface residues may account for sequence conservation outside of 
the GTP-binding site. A) Our predicted septin interface interacting regions correspond to 
conserved regions of the septin proteins. The solid line is a plot of Shannon-Jensen 
conservation with values above 0.5 shaded. Red columns indicate the proportion of the 
17 Opisthokont taxa with a conserved NC interacting group (ig) residue. Blue indicates 
the proportion of the 17 taxa with a conserved G interface ig residue. Residues involved 
with the GTP-binding active site are indicated with downward-facing black arrows. The 
septin gene diagram at the bottom of 2A was adapted from Pan et al., 2007 and it 
shows the congruence between previously identified conserved regions with predicted 
septin interacting regions as well as the GTP-binding site. B) Diagram of a septin 
monomer showing the ig residues at the NC and G interfaces. Coiled-coil is shown as a 
curved line at top of the monomer. C) Model showing how monomers from three 
different septin groups in humans (pink, Sept2, Group 2B; yellow Sept6, Group 1B; 
green Sept7, Group 2B) may form a symmetric septin hexamer (Sirajuddin et al., 2007). 
Crystal structures from these septins were the basis for homology folding. The ig 
residues, colored as in (B), indicate the putative binding sites between septin partners.  
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All of the previously defined conserved regions included interface residues, often 

with additional interface residues found in close proximity. Looking from the N- to C- 

termini, the 11 residue PB region had 4 NC interface residues (Fig. 1.4., among sites 

110-118), and the sequence just beyond but still within a 3-residue window of the PB 

region contributed two additional NC interface residues (Fig. 1.4., among sites 108-

118). Within G1, G3 and G4 boxes, we predicted 1, 1, and 3 G interface residues 

respectively. Considering the neighboring 3-residue windows increased the number of 

included residues to 1, 3 and 5, respectively. The 6 residue S1 motif had 5 NC interface 

residues. Within the S2, S3 and S4 motifs were 1, 5 and 2 G interface residues and 

including sites within a 3-residue window increased total numbers of interacting 

interface residue to 3, 7 and 2 G. The SUE region had 9 G interface residues and 7 NC 

interface residues, and was the same if looking at a 3-residue window. Looking at the 

domains and motifs along with their neighboring 3-residue windows, a total of 25 of the 

29 G interface and 18 of the 20 NC interface residues were associated with previously 

identified conserved regions. 

Conservation of interface residues varies among septin groups 

 Having identified a set of residues consistently involved in the Opisthokont septin 

interfaces, we wanted to check the conservation of the interface residue identities. 

Septins interact in a predictable manner, and patterns in the interface residues may 

explain this phenomenon. We separated the septins by Group identity and looked for 

patterns in the conserved interface residues. We split the septins into Groups 

1A/1B/2/3/4/5 based on the jPRIME MCCT, and made WebLogos from the 29 residues 

of the G interface and the 20 residues from the NC interface (Figure 1.4), using 

numbering from the reference Saccharomyces Group 2 septin CDC3. Overall, the 

Group 5 septins showed lower conservation of interface residues although residues 

such as D289, R360, W364, and H374 were conserved. The other septin Groups 

showed higher overall interface residue conservation. Position 129 in the G1 Box was 

strongly conserved with G for all Groups. Near the G3 box, G209 and D210 were highly 

conserved, and position 211, 213, and 214 showed conserved differences of amino 

acids of differing classes between Groups. In the S2-S3 region, the only difference of  



16 

Figure 1.4: Weblogo showing patterns of amino acid conservation and diversity across 
aligned motifs and domains of the septin groups. 
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note was an acidic E in Group 3 at site 266 that replaced the proline in Groups 1A/2/4. 

The G4 box did not have any interface residues that differed notably between Groups. 

The G interface residues in the SUE were all the same residue class, except for position 

361, which was variable both between and within Groups. 

 The 20 residues of the NC interface showed similar patterns to the G interface 

(Fig. 1.4), with Group 5 septins having the lowest overall conservation. The PB region 

had many differences between Groups, and notably Group 3 had overall low sequence 

conservation similar to Group 5. Position 192 was found as an interacting residue, but 

was not near any previously defined conserved regions, and was mainly found as E, but 

with low conservation. In the S1 region the E at 237 and the R at 242 were highly 

conserved in all Groups, but 239 was variable between Groups, 240 and 241 were 

variable both between and within Groups. The Septin Unique Element contained 

conserved residues such as YE at 401-2. Position 386 was R in some Groups, but not 

conserved in other Groups. Position 393 was a mix of basic [K/R] in Groups 2/3/5 and 

hydrophobic I in Groups 1A/1B/4. Position 404 varied between [Y/F] which are both 

bulky aromatic amino residues. 

 Group 3 septins may lack the a0 helix that is unique to septins. This is suggested 

first by the lack of conservation of Group 3 NC interface residues in the poly-basic 

region, which fall inside the first alpha helix. Secondly, the distance between the start of 

the N-terminus and the G1 box is unusually short in Group 3 proteins (Fig A.5) 

compared with other septins. 

1.4 Discussion: 

Determination of septin group origins 

 Our analysis of septins from genomes of early-diverging fungi and animals points 

to multiple ancient septin duplications. Cao et al. (2007) concluded that septin Groups 

diversified before vertebrate and invertebrate animals diverged. Our results show 

evidence of Holozoan septin diversification even before animals became multicellular. 

Like Pan et al. (Pan et al., 2007), we found strong evidence for orthologous Group 1A 

septins among animals and fungi. We tracked Group 1A septin sequences in genomes 

that were unavailable to Pan et al., including diverse early diverging fungal phyla and 
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animal genomes including Trichoplax, a placozoan multicellular animal, and Monosiga, 

a collar flagellate from among protist relatives of animals. Sampling from this broad 

phylogenetic distribution further supported Pan et al's suggestion that a Group 1A septin 

was present in the Opisthokont ancestor. 

 With additional genomes available to us, we found a more complex vision of 

septin evolution, with early diverging species suggesting broader representation of 

septin Groups among animals and fungi than previously detected. Pan et al. had been 

unable to differentiate whether Group 5 either arose early and was lost in Ascomycete 

yeasts, or was gained relatively recently in fungal evolution. Improved sampling of 

septins from early-diverging lineages brought clarity, showing that Group 5 was 

ancestral in the clade of fungi from Chytridiomycota to Basidiomycota (see Fig. 1.2). In 

addition, our analysis suggested that three septins in addition to 1A may already have 

been present in their shared Opisthokont ancestor. This was because genomes of some 

early-diverging protistan relatives of both animals and fungi had septins classified in 

Groups 1B, 4 and perhaps 2. An important qualification here is that the phylogeny of 

early splits among septins was poorly resolved, and uncertainty in classification of 

highly divergent sequences limits resolution of phylogenetic age of origin. 

 The polymerization of septins into hetero-oligomeric rods and higher order 

filaments interacting with membranes and other proteins may be unique to 

Opisthokonts. Septins may have arisen early in the evolution of eukaryotes, having 

been detected in green algae, brown algae and ciliates as well as Opisthokonts 

(Nishihama, Onishi, & Pringle, 2011). Most non-Opisthokont septins lack a coiled-coil 

domain, seeming to use hydrophobic interactions to interact with membranes rather 

interacting with membranes through higher order filaments (Nishihama et al., 2011). 

Supporting the idea that the common ancestor to the Opisthokonts had at least two 

paralogs, one with a coiled-coil domain, and at least one lacking the domain, each taxon 

in our analysis except for Paramicrosporidium had one or more of each. Septin 

monomers with coiled-coil domains in Saccharomyces Group 4 CDC12 and Group 2A, 

CDC3 are essential for polymerization of septins into normal, stable octamers (Bertin et 

al., 2008; Versele et al., 2004). Coiled-coil domains are further essential in interacting to 

organize octamers into filaments (Bertin et al., 2008) and in morphological development, 

with deletion of coiled-coil domains producing aberrant morphology in the ascomycete 
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yeasts S. cerevisiae and Ashbya gossypii (Meseroll, Howard, & Gladfelter, 2012; 

Versele et al., 2004). The role of septin monomers without coiled-coil domains is less 

clear, but a pair of Group 1A monomers designated as Cdc10 in Saccharomyces form 

the central doublet in octameric septin rods and in Homo hexamers a pair of Group 2A 

Sept2 septins occupy the same position (Sirajuddin et al., 2007; Versele et al., 2004). In 

Aspergillus the ortholog AspD is non-essential even though it is inferred to form the 

central dimer of the Aspergillus octamer (Hernández-Rodríguez, Hastings, & Momany, 

2012), but recent work has shown that it may have a role in nuclear maintenance in 

these syncytial organisms (Ilkay Dörter, pers. comm.). Predicted coiled-coil domains 

were not randomly distributed through the phylogenies of septin groups containing 

animal and fungal lineages. A coiled-coil domain was absent from almost all Group 1A 

members while coiled-coils were generally present in Groups 2, 1B and 4. This level of 

conservation over the roughly 1.3 billion years of evolution represented by each of these 

septin Groups is consistent with selection for different but important conserved 

functions. 

Rooting of septin phylogeny 

Previous analyses have used myosin or septins from non-Opisthokonts lineages 

as outgroups (Nishihama et al., 2011; Pan et al., 2007) but their limited sequence 

similarity with Opisthokont septins limited their phylogenetic usefulness. A well-resolved 

septin phylogeny including non-Opisthokonts outgroups might allow us to evaluate 

whether septins from Opisthokonts are indeed homologous with septins from green 

algae and protists (Nishihama et al., 2011). Unfortunately the limited length of septin 

proteins combined with long evolutionary timescales seems to reduce the possibility of a 

resolved phylogeny. Previously, Group 5 septins have been clustered as sister to ciliate 

septins (Nishihama et al., 2011). This topology would indicate lack of monophyly of 

Opisthokont septins, with Group 5 shared with other Eukaryotes and Groups 1-4 

restricted to Opisthokonts, except that it did not receive statistical support and it may be 

an artifact of overall poor resolution. If rooting opisthokont septins with Group 5 and 

non-opisthokont septins as the outgroups, then heterooligomer-forming septins with 

carboxy-terminal coiled-coil domains would be a derived character of Opisthokonts. But 

it is equally possible that Group 5 are more recently derived from other Opisthokont 

septins and lost the ability to form hetero-oligomers. This change in function may have 
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facilitated sequence divergence due to a change in selective pressures, to the point 

where their evolutionary origin has become difficult to track. 

Sequence comparison shows the highly conserved septin core 

  We found septin proteins contain a highly conserved core with diverged C- and 

N-termini, consistent with previous findings (Versele et al., 2004). Many residues in this 

core are involved in the septin-septin interactions where the evolution of one septin 

would be constrained by the required interaction with its partner. In contrast, the N- and 

C-termini are not highly conserved, and their functional roles are less clear, although 

they are known to bind other proteins, such as BNI5 in Saccharomyces (Finnigan, 

Takagi, Cho, & Thorner, 2015). Neither subunit binding nor filament formation were 

affected by removal of the C-terminal extension containing the coiled-coil domain from 

Saccharomyces CDC11, a Group 4 septin (Bertin et al., 2008; Finnigan et al., 2015). 

Possibly, sequence changes in these divergent termini allowed recruitment of proteins 

that are utilized in the different morphologies found in Opisthokonts. As these divergent 

coiled-coil domains are not found outside of Opisthokonts (Nishihama et al., 2011), their 

origin may be tied to the evolution of Opisthokont cytoskeletal diversity. As these 

regions have been difficult to crystallize, the conformation adopted by the different 

coiled-coil ends of the different septin Groups is unknown.  

Integrating evolutionary timescales with experimental crystal structures led to 

classification of septin-septin interface residues 

Our analysis of the residues involved in the septin-septin interactions suggested 

roles for previously discovered S1-4 conserved regions (Pan et al., 2007). By using 

homology folding across the breadth of evolutionary diversity in Opisthokonts, we 

showed that the S regions are all involved in interface interactions. We recovered 

evidence of interface interactions in the alpha helix found in the polybasic region, 

consistent with what Agelis & Spiliotis found in an earlier study (2016). While almost all 

of the putative interface interactions that we detected were in regions and motifs 

previously identified as highly conserved, the glutamic acid flagged as an NC interface 

residue at position 192 had not previously been noted, possibly due to difficulties in 

aligning this region during previous motif surveys. The general correlation of interface 

residues with conserved gene sequences (Pan et al., 2007) is consistent with 

evolutionary expectations. The requirement for interactions between residues constrains 
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the sequence evolution in these regions, as both partners would require compensatory 

mutations for the heterooligomer to form properly. Our finding that Group 5 septins 

show little sequence conservation in interface regions provides additional evidence that 

these do not form part of the core septin oligomer. 

Previous inferences of interacting regions from Sirajuddin et al., (Sirajuddin et al., 

2007 Supplemental) were inconsistent with expected regions of conservation, possibly 

because the inferences were based solely on human septins. Angelis & Spiliotis (2016) 

categorized the mutations found in human septins in cancer cases, but the effect of 

these mutations, either in vivo or in vitro, is largely unknown. A wider systematic review 

of experimental mutagenesis of septins would be valuable. Combining a survey of the 

effects of a wide variety of mutations, as would be as possible in fungal systems, with 

the results of conserved interacting residues shown here may reveal interesting 

correlations.  

Septin-septin interactions are thought to be governed largely by the residues in 

the G- and NC-interfaces, possibly with input from coiled-coil domain interactions. The 

G interface was generally more conserved than the NC interface, which is not surprising 

since its role in binding GTP further limits changes in sequence. Exemplifying this 

importance is the completely conserved tryptophan in the G interface (position 364 in 

Figure 3). Mutagenizing it to a much smaller alanine eliminated dimerization of Group 3 

septins in yeast (Brausemann et al., 2016). The differences among groups in residues 

in G- and NC-interfaces could explain the preferential affinity of the individual Groups. 

Some septin Groups differed at one or two interface residues. Asparagine was for 

example conserved at site 211 within Group 3 but tyrosine was conserved at the same 

site in Group 4. The substitution of an amino acid with different chemical properties may 

have affected interface binding. One extension of this interface residue specificity could 

be the assignment of septin Groups based on these residues alone. While we see 

differences between Groups, these differences are only apparent when looking across 

many sequences, and it would be difficult to assign any single sequence due to 

sequence diversity, although this may be possible with greatly increased sample size.  

Group 3 septins potentially lack one of the conserved characteristic alpha helices 

Lack of conservation of the N-terminus in the Group 3 septins, which are only 

found in Fungi may be related to roles as capping proteins. Among Group 3 septins the 
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first alpha-helix, Ŭ0 appear highly divergent. Recently, Brausemann et al., (2016) 

published a crystal structure of CDC11, the Group 3 septin from Saccharomyces, but 

unfortunately the first 20 residues of the protein had to be truncated to improve 

crystallization. Thus, in the CDC11 crystal structure it is not possible to assess whether 

the first helix is actually present (Brausemann et al., 2016). As the capping septin, the G 

interface of Saccharomyces CDC11 associates with other septins but the NC interface 

does not (Bertin et al., 2008). While the first 18-20 residues of CDC11 have been 

designated as Ŭ0, it is possible that these residues do not form a helical secondary 

structure. Regardless of whether or not a helix is formed, the deletion of this segment 

resulted in the abolition of filament formation in purified septins (Bertin et al., 2008), and 

mutation of 5 basic residues to uncharged glutamine disrupted septin function 

(Casamayor & Snyder, 2003). A conserved role of Group 3 septin as capping proteins 

combined with the limited sequence conservation we have recovered would be an 

interesting area of research. If the lack of this helix truly prevents further septin 

monomer stacking, then it raises the question of what prevents the further monomeric 

stacking in animal lineages, which lack Group 3 septins. It would be interesting to 

identify the capping proteins in multiple Animal lineages, and see if they are also 

predicted to lack the a0 helix mechanism.  

1.5 Summary: 

 By including a diverse set of early-diverging Opisthokont lineages, we recovered 

more diverse sequences than were analyzed previously, allowing us to show that septin 

duplications were ancient with up to four septin paralogs in the Opisthokont ancestor. 

With alignments of these diverse sequences and homology folding, we found that 

interface residue conservation overlapped with evolutionarily conserved residues, 

indicating the tight relationship between septin partners over time. Septin groups 

including septins with coiled-coil domains were ancient in the Opisthokonts, suggesting 

that not only septin heterooligomers but also higher order filaments were part of the 

ancestral cellular tool kit of both animals and fungi. 
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Chapter 2: Agrobacterium-mediated Transformation of a Chytrid Fungus 

2.1 Introduction: 

While the commonly encountered Fungi, molds and mushrooms, are sister 

groups, there are many extant Fungi from other, earlier, divergences. By comparing 

lineages resulting from separate early divergences, we can better understand the 

ancestor of Fungi, which frames how we view Fungal evolution. The earliest Fungal 

divergences are represented by parasitic lineages, such as Microsporidians, which are 

difficult to manipulate in the laboratory (Spatafora et al., 2017). Of tractable organisms, 

the earliest divergence is a zoosporic fungus, either Chytridiomycota or 

Blastocladiomycota as the phylogeny is not fully resolved yet (Spatafora et al., 2016). 

These aquatic organisms are unlike more commonly encountered Fungi, and were not 

truly recognized as members of Fungi until the advent of molecular phylogenetics 

(Walker & Doolittle, 1982) nevertheless their shared lysine biosynthesis pathway 

indicated a shared ancestry with terrestrial fungi (Vogel, 1961). Detailed study of chytrid 

fungi can help us differentiate homologous from derived processes and phenomena. 

The species I am interested in is Blastocladiella emersonii, a member of the 

Blastocladiomycota. With a 48-hour asexual cycle, this monocentric fungus, having a 

sporangium positioned on top of a basal cell, provides a tractable system to investigate 

zoosporic fungal genetics. It was originally isolated from the grounds of the University of 

Pennsylvania, and has never been recovered from a wild habitat. While many papers 

have been published on biochemical studies of this organism (238 Results from Web of 

Science; September 25, 2017), all laboratory strains originate from this single isolate 

(Cantino, 1951). While the phylogenetic placement of zoosporic fungi such as 

Blastocladiomycota was previously uncertain, some of the earliest Fungal DNA studies 

confirmed them as true Fungi (Bowman et al., 1992; Walker & Doolittle, 1982). But 

recent work has failed to determine the specific branching order between zoosporic 

Chytridiomycota and Blastocladiomycota, and terrestrial fungi (Chang et al., 2015; 

James et al., 2006). 

Genetic transformation is a powerful tool to investigate biology, allowing for the 

direct interrogation of fundamental cell processes. Although transformation protocols 

are available for many fungal systems, few of these apply outside of Ascomycetes and 
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Basidiomycetes, and none has been developed for zoosporic fungi. In addition to a 

plethora of protocols for Ascomycetes and Basidiomycetes, protocols have been 

published for several species of Mucoromycota including Absidia glauca (Wöstemeyer, 

Burmester, & Weigel, 1987), Mucor circinelloides (Garre, Barredo, & Iturriaga, 2015; 

Gutiérrez, López-García, & Garre, 2011), (Revuelta & Jayaram, 1986). As well, there 

have been reports of Agrobacterium transformation protocols for two Mucoromycota 

species (Michielse et al., 2004; Nyilasi, Papp, Csernetics, & Vágvölgyi, 2008). 

Previously, a proof of principle transformation of Blastocladiella was reported 

(Vieira & Camilo, 2011), the first report of transformation in a zoosporic fungus to my 

knowledge. Vieira and Camilo used Agrobacterium-mediated transformation, and 

introduced the hygromycin resistance gene, hph, or GFP into Blastocladiella in two 

separate experiments. The key results from their paper were zoospore fluorescence in 

the GFP-transformed sporangia, and PCR amplification of the hph gene after >10 

generations. GFP-expression was obtained in zoospores in mature sporangia, but in the 

transformation vector the GFP gene was not paired with a selectable marker, and thus 

the transformation plates needed to be screened manually under a fluorescence 

microscope. As well, the hph insertion was not confirmed with Southern blotting. 

As part of my Masterôs Thesis, I attempted to obtain a more reliable 

transformation system with zoosporic fungi, starting by replicating previous results 

(Vieira & Camilo, 2011). To do this I generated transformation vectors, and attempted to 

modify the transformation protocols to provide a more usable method. As well, I wanted 

to confirm the insertion with Southern blotting to ensure stable genomic integration of 

transferred genetic material. While I was, in the end, unsuccessful, my work may 

provide the initial procedure for someone else who wishes to embark on this task. 

2.2 Materials and Methods: 

I obtained our isolate of B. emersonii from the laboratory of Dr. Suely Gomes in 

the Universidade de São Paulo, Brazil. The isolate was cultured on PYG media, 

transferred approximately every month, and stored at 4 ęC, as cultures older than one 

month were often not viable. I obtained the Agrobacterium strain GV3101, the 

pCambia0380 vector backbone, and the pCSN44 plasmid containing the TrpC promoter 

fused to hph  from the Breuil Lab, which they used for transformation of the ascomycete 

Grosmannia (Wang, DiGuistini, Wang, Bohlmann, & Breuil, 2010). The pCambia0380 



25 

vector is a basic backbone, and designed for expression in plants, although Wang et al. 

obtained expression in the Ascomycete fungus Grosmannia using this vector. Vieira and 

Camilo used the hygromycin resistance gene driven by the TrpC promoter, which 

although derived from Aspergillus nidulans (Yelton, Hamer, Souza, Mullaney, & 

Timberlake, 1983) is effective in a wide variety of Fungi. 

To produce the transformation vector for Blastocladiella, I used the SalI site to 

insert the TrpC promoter with the hygromycin resistance gene from pCSN44 into 

pCambia0380, producing pBA011 (Figure 2.1). To obtain long flanking sequences for 

use in homologous recombination, we contacted the laboratory of Dr. Tom Richards 

(Exeter University) and he generously provided access to a now-defunct BLAST 

database for the B. emersonii genome and proteome. For a region for recombination I 

used cytochrome p450 enzymes, based on the Fungal Cytochrome p450 Database 

(http://p450.riceblast.snu.ac.kr/species.php?a=intro&spe_id=1211&ref_id=58474). 

Using closely related Allomyces p450 sequences from this database, I used BLAST 

searches to locate B. emersonii homologs. Due to a highly fragmented genome 

assembly, I was unable to obtain both 3ô and 5ô flanking regions for any one p450 

enzyme. I was able to amplify the 5ô region of a p450 gene labelled 1568 from the 

Blastocladiella genome using the primers Be1568TermF and Be1568TermR (Table 

B.4), which also introduced SmaI restriction sites. I inserted the region upstream of the 

TrpC promoter in pBA011 to produce the 1568 plasmid (Figure 2.1). For transformation 

of Blastocladiella with pBA011 and 1568 plasmids I used the protocol found in Appendix 

B, similar to that of Vieira and Camilo (2011). I selected for transformants with PYG + 

150 µg/mL hygromycin. Due to previous false positive PCR results with Agrobacterium-

mediated transformation of zoosporic fungi I did not perform PCR on putative 

transformants, instead using Southern blotting of putative resistant isolates. Southern 

blotting was performed with a DIG probe using the ROCHE PCR-labelling DIG kit (11-

636-090-910) with the entire hph sequence as the probe, using primers SBhphBDF and 

SBhphBDR (Table B.4). Southern blots were prepared by digesting 1µg DNA with a 

restriction enzyme, and run on 1 % agarose gels. Blotting was performed according to 

the DIG probe manual. 

 

http://p450.riceblast.snu.ac.kr/species.php?a=intro&spe_id=1211&ref_id=58474)
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Figure 2.1: Plasmids used in Agrobacterium-mediated transformation. Plasmid 
regions are shown proportional to actual size. Resistance gene region in shows in red 
arrows, and homologous region from 1568 p450 enzyme described in text is shown in 
green. 

 

 

2.3 Results: 

B. emersonii only responded to selection with 150 µg/mL of hygromycin when 

flooded with free liquid. Without liquid above the media, B. emersonii zoospores still 

developed into sporangia at rates up to 500 µg/mL of hygromycin (Data not shown).  

Only some developmental stages of B. emersonii were responsive to selection 

with hygromycin, diagrammed in Figure 2.2. At a certain point after the sporangia 

started developing, they became resistant to hygromycin. While this point of resistance 

was not precisely determined, it appeared to occur prior to the sporangia reaching their 

maximum size. Any small sporangia that were included in the zoospores co-cultivated 

with Agrobacterium would be of a sufficient size after the co-cultivation so that they 

would be resistant to hygromycin. 
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Figure 2.2: Hygromycin Sensitivity and Lifecycle of Blastocladiella. 

 

Transformation with Agrobacterium strains carrying pBA011 and 1568 plasmids 

resulted in several apparent positively transformed colonies. Using the pBA011 plasmid, 

I isolated 3 independent potential Blastocladiella hygromycin-resistant (hph) 

transformants. After culturing them on selective media, I digested genomic DNA with 

SpeI, and probed for the hph gene. As seen in Figure 2.3, the wild-type DNA had no 

probe signal, but in all three putative transformants, using Southern blotting, DNA 

hybridized to a band of the same size. The plasmid control was undigested for this blot, 

but the size of the hybridized band in the Blastocladiella samples was consistent with 

the size of the plasmid itself (9200bp, single cut from SpeI). 
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Figure 2.3: Southern blot of 3 Blastocladiella Transformants. Rows are wt, 3 
independent transformants and uncut hph containing plasmid. 

 

 

I then produced a second set of transformants using pBA011 and 1568. The results of a 

Southern blot of these transformants is shown in Figure 2.4. 
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Figure 2.4: Southern blot of 3 Blastocladiella transformants with 2 separate enzymatic 
digestions. The samples were digested with AvrII on the left, and SmaI on the right. Wt 
lane is untransformed Blastocladiella. pBA011-1 is DNA from Blastocladiella co-
cultivated with pBA011 plasmid. 1568-1 and 1568-2 are Blastocladiella co-cultivated 
with 1568 plasmid. pBA011+ is the plasmid positive control, and 1568+ is the plasmid 
positive control. Note increase in size of 1568+ compared to pBA011+ in AvrII digestion 
due to addition of homologous region, but same size with SmaI digestion, due to 
excision of homolog region. Note that region of plasmid to be transferred, T-DNA, is 1.5 
kb for pBA011 and 2.5 kb for 1568. 

 

As seen in Figure 2.4, on the left, digested with AvrII, the Blastocladiella 

transformed with pBA011 had a hybridizing band of the same size as the plasmid itself. 

The two 1568-transformed Blastocladiella when digested with AvrII had hybridizing 

bands slightly higher than the pBA011 sample, consistent with the increased size of the 

plasmid as seen in the gel after digestion with AvrII. The sample from 1568-2 hybridized 

at a larger band size than 1568-1. Samples from the same isolates were also digested 
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with SmaI (Fig 2.4), but the SmaI digest did not appear to be complete. The bands on 

the blot were quite smeary, and this was also visible on the ethidium bromide-stained 

gel (not shown). Assuming the digestion was not complete, the smallest of the 

hybridizing band for each of the three samples was consistent with the AvrII-digested 

samples. The DNA from pBA011-1 was the same size as the plasmid control. The 1568 

plasmid when digested with SmaI was the same size as the pBA011 plasmid due to the 

B. emersonii homologous region, which was inserted with SmaI. 

The Southern blot of these putative transformants revealed the difficulties 

involved in zoosporic fungal transformation. As seen in Figure 2.3, three independent 

putative transformants all had hybridizing bands of the same size, which is not expected 

with the random insertion of Agrobacterium-mediated transformation. Instead, we would 

expect that any integrated genetic material to be inserted at a different site for each 

transformation event, resulting in Southern blots with different hybridizing band sizes. 

Additionally, these bands were sized within the range of the plasmid, which would not 

be expected as the plasmids were at least 9.2 kb long, but the DNA between the T-DNA 

borders is only 2.5 kb, or 3.5 kb in the case of 1568. 

2.4 Discussion: 

 The differences found in developmental stage susceptibility of Blastocladiella to 

selection with hygromycin were not reported previously. Figure 3 of Vieira and Camilo, 

(2011) show that susceptible sporangia have their development arrested at a common 

developmental stage, the mature sporangia. This hints at a connection between life 

stage and selection susceptibility, but was not previously made explicit. This interaction 

between life stage and susceptibility complicates the transformation procedure as 

mature sporangia can still release zoospores if sufficiently developed prior to selection, 

which would obscure the growth of any actual transformed zoospores. 

The results from the two Southern blots together indicate that the Agrobacterium 

plasmid was still present in the Blastocladiella samples. This indicates that whatever 

antibiotic resistance we have seen was due to contamination by Agrobacterium residing 

on the fungal sporangia. We could not rely on PCR results to verify that transformation 

occurred, and Southern blots are required for confirmation. Vieira and Camilo were able 

to obtain several lines of transformants that could survive sequential transfer, but our 

transformant lines were not stable over successive transfers, although they did grow 
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substantially for a few generations. Potentially if we had lines that showed stable 

antibiotic resistance, Southern blots would show evidence of genomic integration. 

 The main issues with transformation in Blastocladiella involved resistance of 

mature sporangia to hygromycin and the need for liquid above the agar media. To 

address these, a more robust transformation protocol for zoosporic fungi should be 

based on either a different selection agent, or a different method of transformation. To 

deal with issues around timing of developmental stages, electroporation would give 

much faster transformation, which may allow selection before the sporangia mature. 

Alternatively, selection agents with different chemical characteristics may be absorbed 

equally through rhizoids as through the sporangial wall, eliminating the need for liquid 

above the solid media. As hygromycin is a protein-synthesis inhibitor, the use of 

antibiotics with alternative modes of action should be pursued, as they may not have the 

same absorption or developmental stage issues as hygromycin. 

2.5 Summary/Future Directions: 

 While I was unable to replicate the results of Vieira and Camiloôs work, I did 

determine that I could rule out false positives with Southern blots. Because of the GFP 

evidence presented by Vieira and Camilo it still seems likely that they obtained 

transformation. Although their report of growth on selective media combined with PCR 

results may have been due to natural resistance in Blastocladiella combined with 

Agrobacterium contamination, the GFP evidence is compelling. Further work on 

transformation in zoosporic Fungi should focus on identifying selection agents that do 

not require free water above the media, which would allow for recovery of discrete 

colonies. As well, the use of electroporation transformation techniques could limit the 

time before selection was applied, which would help to alleviate some of the trouble with 

stages of the lifecycle being resistant to selection. 

 Reliable transformation in early-diverging Fungi would allow the direct 

investigation of many genes with cryptic functions. For example, many chytrids do not 

use tip growth, instead developing an isodiametric sporangium, yet they contain all the 

core genes used by filamentous fungi even though hyphal growth appeared after 

divergence of zoosporic Fungi (Dee, Mollicone, Longcore, Roberson, & Berbee, 2015; 

Richards, Leonard, & Wideman, 2017). A recent genomic survey found orthologs of 

many Neurospora genes involved in tip growth in all lineages of Fungi, including 
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Chytridiomycota and Blastocladiomycota (See Figure 2 in Richards et al., 2017). The 

role of these genes in Fungi that lack filamentous growth is perplexing, but recent work 

from our lab (Dee et al., unpublished) has shown evidence for actin accumulation at the 

tips of rhizoids similar to hyphal tip growth in filamentous fungi. With reliable 

transformation techniques, it would be possible to localize these core proteins, and see 

whether they localize to the sporangia, rhizoids, or both during development. This would 

allow us to understand the ancestral role of the proteins now involved in filamentous 

growth. 

 Light perception is another example of where transformation tools would prove 

especially powerful. While Ascomycetes, Basidiomycetes, and zygomycetes  sense light 

using the conserved White Collar 1 (WC-1) photoreceptor, a genomic comparison did 

not recover homologs in the chytrid Batrachochytrium dendrobatidis, or in the early-

diverging Microsporidian Encephalitozoon cuniculi (Salichos & Rokas, 2010). Recently, 

instead of the White Collar-1 photoreceptor, Ahrendt et al (2017), found an opsin in 

Chytridiomycota homologous with those found in Animals, although the phylogenetic 

analysis is still unpublished. While zoosporic Fungi do not have the homologous light-

receptor of other Fungi, they do share homologs of the rest of the light perception 

system such as FRQ, FWD-1, and FRH (Salichos & Rokas, 2010). Given that the 

regulatory pathway appears conserved in all Fungi, but the photoreceptor is instead 

shared with Animals, I would assume that the effect of a FRQ, FWD-1, or FRH knockout 

mutant would be similar to the perturbation of the circadian rhythm seen in the well-

studied Neurospora system (Montenegro-Montero, Canessa, & Larrondo, 2015). 
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Conclusion: 

 To understand the mechanisms of morphological complexity in Fungi I used two 

approaches, transformation of a zoosporic fungus, as well as an analysis of a protein 

family involved in morphogenesis in Fungi. While the transformation was in the end not 

successful, I did provide data that can be used to assist future progress. In investigating 

the septin protein family I discovered novel diversity, and identified residues that interact 

across Opisthokonts. These findings can allow testing of hypotheses related to septin 

binding, and the role of novel septin group in Fungi. 

 My research in transformation of Blastocladiella showed that Southern blot 

results are needed to confirm successful genomic integration, which was not shown 

previously (Vieira & Camilo, 2011). Also, I discovered a connection between 

developmental stage and response to protein synthesis inhibitors, which was previously 

reported in zoospores (Soll & Sonneborn, 1971), but not in sporangia in relation to 

hygromycin (Vieira & Camilo, 2011). The aquatic nature of this organism presents 

particular difficulties, which may be overcome with testing of selection agents with 

modes of action that do not involve inhibiting protein synthesis. As well, the use of 

electroporation transformation methods may avoid some of the challenges with the 

lifecycle of Blastocladiella in relation to AMT. As the zoospores of chytrids are not 

surrounded by a chitinous cell wall, instead what appears to be a glycoprotein matrix, 

electroporation may be more simple than in other fungi (Dorward & Powell, 1983). 

 Through a detailed phylogenetic and bioinformatic study of septin proteins in 

Opisthokonts I revealed a more complicated history than previously inferred (Cao et al., 

2007; Nishihama et al., 2011; Pan et al., 2007). The inclusion of early-diverging 

lineages uncovered hidden diversity, as well as reducing the phylogenetic certainty. My 

research provides evidence that the Opisthokont ancestor had multiple septin genes, 

with at least one member likely without a coiled-coil domain, which seems to be a 

conserved trait among all Opisthokont lineages, even though the septins without coiled-

coils are not homologous between taxa. There is limited evidence for the role of septins 

without coiled-coil domains, but recent results indicate that they may be involved in 

homopolymers (Ilkay Dörter, pers comm), which has been previously unknown. This 

role could explain the phylogenetic trait of having septins lacking a coiled-coil domain, 

without a homologous family. I also identified a set of conserved interacting residues 
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across Opisthokonts, which can inform future mutagenesis experiments, which until now 

have been restricted to testing naïve hypotheses by changing interface residues to 

alternatives almost guaranteed not to associate. 
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Appendix A: Supplemental Figures for Chapter 1 
Figure A.1: Maximum likelihood phylogenetic analysis with RAxML software. Topology 
is the most likely tree from 2000 independent searches, node values represent 
bootstrap support. Protein names are shown for those taxa with experimental evidence. 
Aspergillus and Drosophila sequences used to recognize septin groups are in bold. 
Coiled-coil domain predictions, black representing p<0.05 and grey p<0.10, found to the 
right of names. Domain predictions for proteins longer than 600 residues have been 
shortened with diagonal lines. 
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Figure A.2: Bayesian phylogenetic analysis with MrBayes software. Topology 
represents consensus tree after 200 million generations, node values represent 
posterior probability. Protein names are shown for those septins with experimental 
evidence. Aspergillus and Drosophila sequences used to recognize septin groups are in 
bold. Coiled-coil domain prediction, black representing p<0.05 and grey p<0.10, shown 
to the right of names. Coiled-coil predictions for proteins longer than 600 residues have 
been shortened with diagonal lines.  



44   



45 

Figure A.3: Results of Bayesian phylogenetic analysis with jPRIME software. Topology 
represents maximum clade credibility tree, node values represent bootstrap support. 
Protein names are shown for those taxa with experimental evidence. Aspergillus and 
Drosophila sequences used to recognize septin groups are in bold. Coiled-coil domain 
prediction, black representing p<0.05 and grey p<0.10 to the right of septin names. 
Coiled-coil predictions for proteins longer than 600 residues have been shortened with 
diagonal lines. 
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