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A crucial step in the life cycle of eukaryotes is sexual reproduction.  For productive sex 

to occur, the first cellular steps that must be taken are gamete recognition, adhesion, and 

membrane fusion.  However, little is known about the proteins governing these initial events. 

Helpful in this regard, are studies on HAP2/GCS1, an ancient and highly conserved gamete 

membrane protein necessary for successful fertilization in a wide range of eukaryotic species. 

Efforts have already recognized the necessity of HAP2-mediated membrane fusion in the male 

gametes of multiple species, but they have come short of describing its mechanism of fusion, 

structure, or potential origins. Here, we investigated the expression, genetic necessity, and 

fusogenic capacity of HAP2 during the sexual cycle of the model single-celled ciliate species, 

Tetrahymena thermophila. Unlike in other species, we found that HAP2 is expressed in all 

seven mating types of T. thermophila, and fusion and fertility is only prevented when HAP2 is 

deleted from both cells of a mating pair. Along the way, we also functionally examined a 

hypothetical HAP2 accessory protein, ZFR1, probed the life cycle of a ciliated fish parasite for 

the presence of a conjugation stage, and accidentally found instances of unexpected 

parthenogenesis in T. thermophila. Perhaps most importantly, we developed a flow-cytometry-

based assay for quantifying sexual cell fusion events in an in vivo model of eukaryotic 

fertilization, identified a predicted high-confidence structural homology between HAP2 and class 

II viral fusogens, and tested the functional extent of this homology through targeted deletions 

and biophysical tests of the HAP2 fusion loop. In addition to providing indications of a viral-like 

fusogenic mechanism for HAP2, these findings that show a structural and functional similarity 

between a viral and gamete fusogen harken back to early theories that a “selfish” genetic 

element promoting membrane fusion as a means for intergenomic transmission led to the origin 

of eukaryotic sex. 
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A.  Relevant Background 

A1. Defining the nature and problem of eukaryotic sex 

A common feature of eukaryotic life is the presence of sexual reproduction[1,2]. Despite 

the widespread nature of sex, it is surprising that there is not a consensus definition for this 

important biological act[3].  While many may define sexual reproduction as the combination of 

genetic material from two parents to form offspring[4], this definition is overly broad to define the 

modern biological imperatives of eukaryotic sex.  Under this definition, the transfer of plasmid 

DNA during bacterial conjugation could even be considered a parasexual act[5].  Modern 

eukaryotic sex has advanced beyond the mere exchange of a few strands of DNA, and involves 

orchestrated genomic and cellular acts, precisely executed for the proper development of 

progeny cells. It is thus more appropriate to include in any modern eukaryotic definition of 

sex, the presence of meiosis, cell-cell fusion, and nuclear fusion in generating a 

genetically distinct and epigenetically reprogrammed progeny.  Defining sex in this way 

then necessarily forces the definition of asexuality to encompass manifestations ranging from 

mitotic clonal cellular division, to versions of parthenogenesis that can take many forms (see 

Chapter 6), which occasionally incorporate some, but never all of these sexual characteristics.            

The consequence of sexual reproduction on the course of eukaryotic evolution is so 

obvious it’s often overlooked. The common transition of eukaryotic life between haploid and 

diploid life stages, is generally associated with phenotypic changes in an organism’s outward 

appearance spurred either from development after gamete cell fusion to restore diploidy, or 

meiotic reductions to attain haploidy[6]. In different species, the multicellularity of haploid and 

diploid states differ, such that some organisms adopt haploid dominant stages as their 

multicellular or clonal stage (e.g. Chlamydomonas, Schizosaccharomyces, etc.), diploid 

dominant stages (Humans, brown algae, Tetrahymena, etc.) or “diplohaplontic” stages, where 

both diploid and haploid forms mitotically divide and often form multicellular bodies (e.g. some 

flowering plants, red alga Mastocarpus). Breeding restrictions among species, whether 
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geographical or otherwise[7], then compound this observable diversity, generating a variety of 

life persisting in accordance with both an individual organism’s environmental success and the 

transmission capacity it’s genetic information. All this complexity adds an intrinsic beauty, but 

also a certain degree of wonder to our perception of the natural world.  

The ubiquity of eukaryotic sex, along with the presence of each of these highly-adapted 

alternative life cycles as a result of biparental sex presents a great paradox to evolutionary 

biology: Why has it been so beneficial for individuals to fuse with one another and combine 

genetic material rather than reproducing asexually [1,4,8–10]?  While many theories have been 

proposed to address this question [1,11–15], supporting evidence is scant. In the work 

presented in this dissertation we fell inadvertently into this problem while studying the sexual 

cell-cell fusion events mediated by an ancient gamete fusion protein in the free-living single 

celled ciliate, Tetrahymena thermophila. In the first part of this introduction the important 

potential applications of basic knowledge gained from gamete interaction and fusion studies will 

be addressed, along with an introduction to Tetrahymena thermophila’s life cycle. Previous 

research on the gamete fusion protein HAP2/GCS1 will then be reviewed followed by an 

introduction to membrane fusogens.     

A2. Importance and applications of gamete fusion studies 

A crucial step in the life cycle of eukaryotes is sexual reproduction.  For sex to occur, the 

first cellular steps that must be taken are gamete recognition, adhesion, and membrane fusion. 

Although little is known about the proteins governing these events, initial research indicates that 

the proteins involved in gamete recognition and adhesion vary tremendously from species to 

species[16], while a protein called HAP2/GCS1 is remarkably conserved in the function of 

gamete membrane fusion throughout eukaryotic life[17,18]. Importantly, this suggests that 

many, if not all eukaryotes share a common mechanism of gamete fusion[19]. Thus, one could 

expect that more basic scientific knowledge on HAP2/GCS1 might lead to better treatments for 

infertility, better birth control methods, improved agricultural yields, or even enhanced methods 
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to block the sexual stages of certain parasites.   

The causative agents of many major human and agricultural parasitic diseases including 

Toxoplasma, Plasmodium, Trypanosoma, Theileria, Babesia, Neospora, Leishmania, 

Cryptosporidium, Eimeria etc. have all been shown to contain HAP2/GCS1 orthologs[20–22].  

Since these diseases cause significant health and economic burden worldwide, a high 

importance is placed on the development of vaccines and therapeutics against these 

agents[23,24]. Since a sexual stage is integral to the successful transmission of many of these 

parasites, vaccines that block HAP2-mediated fusion should block the spread of these 

devastating diseases. So far, HAP2 has been shown necessary for the fertility of male 

gametocytes of the malaria parasites Plasmodium berghei and Plasmodium falciparum[25,26], 

and antibodies generated to target the Plasmodium berghei HAP2 ortholog have been shown to 

block the development of infective oocysts in the mosquito vector and block vector-borne 

transmission for this mouse malaria parasite[27,28].  Identification of the key epitopes important 

for neutralization of fusogenic activity is important to future development of vaccines utilizing 

HAP2 as a target. 

In the same vein, HAP2/GCS1 was first identified as essential for the double fertilization 

events of sperm in angiosperms[29–31], and methods which control or enhance the 

reproduction of agricultural plant species could be useful for plant reproduction research and/or 

increasing crop production. It is also conceivable that companies specializing in the production 

of seed varieties would wish to protect their intellectual property or have new methods to 

prevent the unintended cross-fertilization of F1 hybrids. To this end, certain techniques using 

diphtheria-toxin A expressed from the HAP2 locus of Arabidopsis sperm[32], or the heat 

inducible removal of the HAP2/GCS1 allele for generation of homozygous mutants[33] have 

been developed.  

Finally, although a HAP2/GCS1 ortholog is not present in vertebrate species, basic 

research into the function of such a conserved gamete fusogen could lead to future insights into 
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how human gamete membrane fusion is accomplished. There are only a limited number of 

known protein structures used to mediate membrane fusion events, and it’s possible structural 

similarities still exist between vertebrate gamete fusogens and HAP2, despite an underlying lack 

of sequence homology (see Chapter seven). Because the essential features of sex, namely, 

meiosis, cell-cell fusion, and nuclear fusion are conserved throughout many eukaryotes[1], the 

study of these events in simple model systems with easily inducible sexual cycles and access to 

gamete material is relatively straighforward[25]. Furthermore, since fertilization and gamete 

membrane fusion are intrinsically very difficult to study in many species, especially humans, the 

development of such model systems should promote rapid advances in our understanding of 

and ability to control these essential sexual events.   

A3.  Tetrahymena sexual conjugation 

          The model organism used in these studies was the single-celled, freshwater dwelling, 

ciliated protist Tetrahymena thermophila. This organism is genetically amenable and can easily 

be induced to sexually conjugate semi-synchronously in mass cultures, making it ideal for these 

studies. Briefly, sex in Tetrahymena is a process in which two complementary mating types fuse 

temporarily to mutually exchange haploid meiotic products across a specialized region of 

membrane called the conjugation junction, in essentially an act of double cross-fertilization.  

Interestingly, at this membrane interface, the mating cells form not one, but hundreds of fusion 

pores which do not expand, but are instead repaired at the conclusion of mating, to allow for the 

separation of the individual progeny cells.  In this section, the events of this ciliate’s life cycle 

and the cellular and nuclear maneuvers associates with its sexual conjugation stage are 

reviewed. 

To understand sexual reproduction in Tetrahymena, it is first necessary to grasp some 

fundamental features of these exceptional creatures. Ciliated protozoa have a long and storied 

past as a cellular models dating back to the initial observations of Robert Hooke and Anton van 

Leeuwenhoek in the 17th century[34]. Among the nearly 7200 characterized ciliate species, is 
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Tetrahymena thermophila, a holotrichous ciliate with cilia that uniformly cover its whole body 

that it uses for both swimming and ingesting food[35].  Tetrahymena has been domesticated for 

axenic cultivation in the laboratory environment on bacterized or artificial media, but can also 

easily be found in the wild, growing in freshwater ponds and lakes during summer months 

[36,37]. The pyriform-shaped cells themselves are large, approximately 30-50μm in length, and 

have precisely positioned cellular structures including a posterior cytoproct, contractile vacuoles 

and an anterior mouth containing the cell’s four eponymous ciliary membranelles[36].      

One of the most salient features of all ciliates is nuclear dimorphism, which refers to the 

maintenance of separate germline and somatic genomes within a single cell. These genomes 

are present as two genetically, physically, and functionally distinct nuclei within the cell.  The 

micronucleus (Mic), contains the transcriptionally silent germline genome, and the 

macronucleus (Mac) contains the transcriptionally active, somatic genome.  The diploid Mic 

contains 5 pairs of chromosomes and is 220Mb in size, while the Mac is polyploid, contains 

approximately 200 linear minichromosomes amplified 45 fold, and is 105Mb[36].  At each round 

of sexual reproduction the zygotic Mic product is used as template for the generation of a new 

Mac and Mic in all progeny cells. The discrepancy in chromosome number between the two 

genomes arises from the developmental fragmentation of each zygotic Mic chromosome at 

sequence-specific chromosome breakage sites[36]. The discrepancy in size between the two 

genomes comes from the fact that during development, approximately 30% of the Mic genome 

is deleted in an RNAi-mediated epigenetic remodeling event removing an estimated 6000 

transposable-element-rich sequences called “IESs” from the progeny Mac[38–41]. 

During asexual vegetative growth, T. thermophila expands rapidly and to high cellular 

densities (~1.5 x 106 cells/mL), with one division via binary fission every 2-3 hrs under optimal 

conditions.  During asexual growth, the diploid Mic divides normally through mitosis and the Mac 

divides unevenly through a still incompletely understood process called amitosis[42].  Despite 

uncertainty about the mechanisms of amitotic division, the unequal dispersal of 
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minichromosomes to daughter cells, called phenotypic assortment, is a useful tool in selecting 

cell lines that are homozygous in their polyploid Mac for an introduced transgene encoding a 

trait of interest[43].  Phenotypic assortment and high ploidy levels in the Mac are also posited to 

be a natural means for asexually reproducing populations of Tetrahymena to remain highly-

resistant to the expected deleterious accumulation of mutations known as Muller’s ratchet[44].  

There are three notable peculiarities to ciliate sexual conjugation that must be discussed 

to prevent any confusion before proceeding to the timeline of mating events.  First, ciliates do 

not make individual gamete cells. Instead, they make haploid gametic-like pronuclei which are 

exchanged between cellular mating partners[45].  In comparison with other mating systems, 

Tetrahymena would be considered an example of both isogamy and hologamy, which means 

that individual cells housing these gametic nuclei are both morphologically indistinguishable 

from each other and their vegetatively reproducing counterparts, respectively. Second, unlike 

the majority of sexual life with its bipolar female and male mating types, Tetrahymena 

thermophila has seven different sexes[46]. In this system, any mating type (I-VII) may conjugate 

with any other mating types except its own.  This system does allow for triplets of cells to adhere 

and form progeny when three different mating types of Tetrahymena are mixed, but in these 

cases the gametic pronuclei are not exchanged bidirectionally [35]. Third, mating Tetrahymena 

cell pairs do not permanently fuse together.  Rather, sexual cell-cell fusion occurs in a transient 

and spatially limited way at the conjugation junction, a fenestrated zone of adhered membranes 

between the two mating partners containing 100-200 individual, non-expanding fusion pores 

that are 0.1 - 0.45 μm in diameter [47–50].  These pores allow the selective passage of protein, 

RNA, and migratory pronuclei during mating[51], but at the conclusion of mating these 

membrane pores are repaired, allowing what were originally the two parental cells to separate 

into two individual maturing progeny cells.    

The timeline of sexual conjugation in ciliates is a 12 hr program (at 30o C) divided into 

the distinct stages, with the initial stages classified mainly by changes in cell morphology, and 
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the later stages by changes in nuclear morphology and number (Figure 1.1). The first stage is 

called initiation and is induced by a minimum of two hours of nutritional starvation at 30o C [52]. 

An important task of initiation is to allow cells at different stages of their cell cycle from their time 

in vegetative culture, to arrest at G1 stage[53]. Under prolonged periods of starvation, arrested 

cells become increasingly slender in shape and occasionally develop to a highly motile, fast-

dispersal form[54]. Any nutrient sources reintroduced to the culture at this time will block the 

initiation process[48]. After initiation, mixed cells of different mating types require one hour of 

co-stimulation with their partner before forming pairs[47].  

Co-stimulation is a cellular recognition event accompanied by morphological changes 

when two cells of opposite mating type are mixed.  While contact-dependent interactions 

between cell surface bound pheromones called gamones are thought to trigger this event, there 

have been some reports that Tetrahymena may also secrete a substance to aid in this 

recognition event [48,55,56].  The protein and/or chemical identities of these surface-bound 

gamones and secreted factor(s) have yet to be elucidated. What is known is that co-stimulation 

is accompanied by increases in transcription, protein synthesis, and a wave of tyrosine 

phosphorylation that both activates cells and matures them for future adhesion events[57–59]. 

Co-stimulation can be halted by physical agitation (such as shaking) up to 90 min after mixing 

[48]. During co-stimulation, the cells undergo a subtle change in appearance, slightly rounding 

in shape and remodeling the zone of membrane anterior to their mouth apparatus to form a flat, 

deciliated site expressing a high density of concanavalin A (ConA) binding-proteins[48,60–62]. 

Because addition of ConA or tunicamycin (a glycosylation blocking drug) to the cell mixture at 

this point inhibits pair formation, it is thought that the glycosylated protein receptor(s) that bind to 

ConA are responsible for cellular adhesion events[61,63].  Current efforts are underway to 

identify these proteins (Cole, personal comm.). Together, these alterations to the anterior 

membrane - referred to as “tip transformation” - create the future membrane surface for 

adhesion between mating partners. 



 

9 
 

Cell-cell adhesion events start approximately 1 hr after the mixing opposite mating types 

at 30o C.  Mating pairs are at first weakly bound at their anterior tips and can fall apart easily 

with agitation or feeding, but then develop into firm pairs resistant to such perturbations around 

2 hrs after mixing. The progression to firm pairs is expected to be aided by cell-cell fusion 

events tethering cells together at their conjugation junction[58,64].  The ultrastructure of the 

Tetrahymena conjugation junction has been characterized in detail by electron microscopic 

studies of pairs fixed at different time points during their fusion pore formation.  At first, cellular 

membranes are closely apposed at a distance of ~50nm, with apposed bilayers having electron 

dense submembranous scaffolding that appears to fade slightly at distinct sites. Regions of 

reduced electron density then form membrane “dimples” or outpocketings from either partner 

bilayer into the intercellular cleft.  The space between these outpocketings then fills with 

electron dense material before resolving into individual fusion pores[50,65].  The composition of 

phospholipids at the conjugation junction has also been shown to be different than in the rest of 

the cellular membrane, containing a high concentration of 2-aminoethyl phosphonolipid, a 

Tetrahymena-specific cone-shaped lipid with properties similar to phospholipid ethanolamine 

that enables high-curvature of membrane structures, such as fusion pores [66]. 

 During the period of adhesion and cytoplasmic continuity, the series of germline nuclear 

events that accompany ciliate sex begin and are outlined in detail in Figure 1[64]. These nuclear 

events last from 1.5 – 10 hr after mixing of opposite mating types and include all events from 

meiosis through the development of the zygotic Mac and Mic within progeny cells.        
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Figure 1.1 Diagram of the conjugation pathway in Tetrahymena thermophila. Panels A-E 
illustrate the early stages of pre-pairing and pair formation. (A) When starved cells of 
complementary mating types are mixed (time = zero hrs; T = 30o C), a period of co-stimulation 
leads to modification of the anterior end of the cell, creating an adhesion plaque. (B) Between 1 
and 1.5 hrs, cells begin to form loose pairs. (C) Between 1.5 and 3 hrs (depending on the 
density and synchrony of the culture), loose pairs transform into "tight pairs" due, at least in part, 
to the formation of membrane protrusions into the junction cleft that ultimately fuse with the 
plasma membrane of the mating partner, leading to the formation of several hundred 
intercellular pores. (D) At the onset of Meiosis I, pores are already well established, and 
undergoing a process of pore expansion from 2.5-4 hrs. (E) Pore expansion continues until at 
least 4.5 hours by which time Meiosis II is underway. This fenestrated junction is further 
modified into a "curtain" of membrane tubules, as the pore-expansion fronts meet and collide. 
Panels F-L illustrate the events leading up to and following exchange of migratory pronuclei. (F) 
After Meiosis II, one haploid product (gray) is selected and becomes anchored at the nuclear 
exchange junction. (G) This product undergoes mitosis and one pronucleus from each partner 
docks at the well-perforated exchange junction, while the other resides some distance away 
(pronuclei are depicted in gray).  Meanwhile, the other 3 haploid meiotic products begin to 
degenerate (shown in black at cell posterior). (H) Migratory pronuclei are then exchanged 
through the now fenestrated membrane junction. (I) As migratory pronuclei fuse with the 
stationary pronuclei on each side of the junction to form the zygotic synkarya they both adopt 
elongate shapes. (J) The first postzygotic mitosis creates two diploid nuclear products in each 
cell. (K) These divide again forming four diploid nuclear products. In both (J) and (K) the nuclei 
are depicted with a line bisecting them to emphasize their diploid, recombinant nature. The 
anterior-most nuclei undergo endo-reduplication of their DNA thereby becoming polyploid 
macronuclei while the posterior two nuclei remain diploid as micronuclei.  (L) Finally, the cells 
separate as the parental macronucleus moves to the posterior and is resorbed. This figure was 
Reprinted from Current Biology, 24, Eric Cole et al., Function of the Male-Gamete Specific 
Fusion Protein HAP2 in a Seven-Sexed Ciliate, 2168-2173, Copyright (2014), with permission 
from Elsevier [64]. 
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All nuclear events happen in each of the two mating partners contemporaneously.  First, the 

germline Mic of each parental cell undergoes two rounds of meiosis creating four haploid 

nuclear products. One of these products is “selected” and divides mitotically to generate a 

stationary and migratory pronuclei, each of which are destined to be involved in the fertilization 

event. The migratory pronucleus of each mating partner is then propelled across the conjugation 

junction by a microtubular basket and fuses with the stationary pronucleus of its partner cell[67].  

This fertilization nucleus then undergoes two post-zygotic divisions, with the specific cytological 

arrangement of the four products of division establishing their individual developmental fates.  

The anterior most nuclei in each cell are destined to become the new macronuclei, and start the 

process of endoreduplication and epigenetic remodeling. One of the posterior most nuclei is 

destined to become the future germline Mic, while the other one is eliminated. During this time, 

the old parental Mac is also destroyed.  When cells separate (~10-12 hr after mixing) they are 

called “exconjugants” and do not divide again until they are refed[68].  When refed, the first 

division of the exconjugants gives one Mac to each of the daughter cells (along with one Mic 

produced by mitosis of the single remaining Mic) to yield the four “karyonoids” which transition 

into clonal, vegetative growth. It is within the initial fission of these karyonoids that mating type is 

established[69], but “young” cells require a period of clonal immaturity (~40-100 fissions) before 

they may again sexually conjugate[44]. Thus, each individual parental Tetrahymena cell is 

capable of all the tasks required to generate a future offspring during sexual reproduction. 

  

B.  The primordial gamete fusion protein HAP2/GCS1  

B1. Identification and characterization.  

The protein HAP2/GCS1 (Hapless 2 / Generative Cell Specific 1) has now been 

identified in a wide range of taxa extending from single-celled protozoa to flowering plants and 

arthropods as a male gamete fusion factor necessary for fertilization (Figure 1.2) [19,22]. It was 

first discovered in the model plant, Arabidopsis thaliana, by Dr. Mark Johnson in 2004 in a 
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forward genetic screen for haploid-disrupting mutants causing defects in pollen tube growth, 

guidance, or pollen grain development [29].  Meanwhile, in an independent study, Dr. Toshiyuki 

Mori noticed the same gene due to it’s high expression levels in late stage pollen development 

of the Trumpet Lily, Lilium longiflorum, and named the gene and its corresponding protein 

product GCS1[30].  In a functional study of this protein in Arabidopsis thaliana, Mori and co-

workers found that male HAP2/GCS1 mutants were completely infertile, and they were also the 

first to recognize the presence of the gene in many taxa (including Plasmodium) and suggest it 

functioned in either adhesion or fusion[30]. Important work that really solidified the potential role 

of this protein as a membrane fusogen came from Dr. William Snell’s lab where it was shown 

that adhesion of (+) and (–) gametes of the biflagellated single celled algae, Chlamydomonas 

reinhardtii, was unaffected by HAP2 deletion[25].  A HAP2-induced post-adhesion block to 

fertilization strongly implied a role for the protein specifically in membrane fusion. This 

conclusion was supported in more recent studies with other species including plants[30,31], 

green algae[25,70],  cnidarians[71,72], insects[73], amoebae[74], and protozoa (including 

Plasmodium)[25,26,64] showing that HAP2/GCS1 is exclusively expressed in male gamete cells 

and necessary for male gamete fertility. Much of this subsequent research was focused on 

identifying key domains in HAP2/GCS1 necessary for protein function. In brief, these studies 

found that deletions or substitutions of regions within the protein’s amino terminus disrupted 

function, and that certain poly-basic and potentially palmitoylated cysteine residues in the 

cytosolic domains are important as well (see Chapters 3 & 5)[20,75,76]. Significant interest was 

also engendered with regard to HAP2’s potential use as a transmission-blocking malarial 

vaccine candidate[26,28,77].  

B2. Regulation.  

It has been noted that regulation of HAP2/GCS1 is tightly controlled at both the level of 

mRNA transcription and protein expression in mating cells[78]. In many species, transcription is 

limited to the sexual life cycle stage and specifically to male gametes[30,47].  In some species, 
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Figure 1.2 HAP2 protein domains and distribution of HAP2 orthologs. (A) A model of the 
typical arrangement of protein domains in a standard HAP2 ortholog.  The 742 amino acid long 
Tetrahymena thermophila HAP2 protein product is shown for this example with the signal 
peptide (SP) shown in red, the HAP2 domain in orange, the transmembrane domain (TM) in 
yellow, and the poly-basic domain (+) in green. (B) A phylogenetic tree representation of the 
diverse genera containing a HAP2 ortholog (red) and genera that do not have a HAP2 ortholog 
(black).  Panel (B) was reprinted from Trends in Cell Biology, 20, Wong, J. L. and Johnson, M. 
A., Is HAP2-GCS1 an ancestral gamete fusogen?, 134-141, Copyright (2010), with permission 
from Elsevier[19].  
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additional levels of protein control have also been observed.  For example, in Arabidopsis 

thaliana, the HAP2 protein only translocates to the plasma membrane after the sperm cell 

comes within vicinity of the egg, specifically the egg cell-secreted protein EC1 [79]. The 

mechanisms of this specific membrane translocation event are still unknown. In 

Chlamydomonas reinhardtii, the HAP2 protein is rapidly degraded on the cell membrane after 

gamete fusion [78,80].  Lastly, while the volvocine alga, Gonium pectorale, expresses both 

HAP2/GCS1 transcript and protein in female gametes, the protein is specifically degraded in 

females and never reaches the plasma membrane[70]. These additional layers of HAP2/GCS1 

regulation are not so surprising, as a misappropriately expressed gamete fusogen could result 

in polyspermy, negatively impacting an organism’s fecundity[78].   

B3. Features of a bona-fide fusogen.  

What evidence is necessary to show that HAP2/GCS1 is a bona-fide fusogen? 

According to a review of viral and developmental fusogens published by Sapir et al. in 2008, a 

candidate protein is only elevated to the status of bona-fide fusogen upon fulfilling three criteria: 

expression and localization at the fusion site, necessity for fusion, and sufficiency to induce the 

fusion of liposomes or heterologous cells[81,82]. From this definition, the only bona-fide 

developmental fusogens are syncytin, a captive retroviral envelope protein involved in placenta 

formation [83–85], the Fusion Failure (FF) family of fusogens, AFF-1 and EFF-1[86–88], which 

are responsible for syncytial cell fusion events during C. elegans development, and myoblast 

fusion proteins responsible for muscle cell development. Results are perplexing for the myoblast 

fusion events necessary for muscle cell formation, as it appears that two proteins have fulfilled 

these requirements, the FGFRL1 receptor[89–91] and Myomaker[92,93].  Additional 

experiments and/or comparisons of the structures of these proteins to known viral and 

developmental fusogens could potentially resolve which of these proteins is actually responsible 

for myoblast fusion[94–96]. With regards to HAP2/GCS1, the first two out of these three 

requirements have been satisfied for its classification as a bona fide fusogen. 
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C. Membrane Fusogens 

Membrane fusion is the process of generating a single continuous membrane from two 

independent lipid bilayers.  Fusion events generally occur under the direction of specific proteins 

and through the formation of a hemi-fusion intermediate membrane structure, in which first outer 

leaflets of the bilayer fuse, followed by inner leaflets (Figure 1.3) [81,97].  In this section, I briefly 

review a selection of the different membrane fusion events existing in cells and viruses and the 

proteins that help orchestrate them.  A particular emphasis is placed on class II fusion protein 

structure and function, with coverage of the triggers, fusion peptides, conformational changes 

and two proposed models of mechanistic action.  

C1. Intracellular membrane fusion events    

Intracellular vesicle trafficking, comprising the entire eukaryotic exocytic pathway, 

allows the separation and delivery of protein content within and outside the cell [98]. These are 

among the best-studied membrane fusion events, and the proteins that control them are thought 

to be nearly as ancient as eukaryotic cells themselves [99]. The docking and merger of vesicles 

to target membranes within cells is controlled by a complex of molecular components known as 

SNAREs (Soluble N-ethylmaleimide Attachment protein Receptors)[100,101]. These 

transmembrane proteins mediate membrane fusion through the heterotypic zippering 

interactions of coiled-coil domains present on both vesicle and target membranes in a calcium-

dependent fashion[101,102].  After fusion, SNAREs are unzipped and recycled for a new round 

of fusion by N-ethylmaleimide Sensitive Fusion protein (NSF) and Soluble NSF Attachment 

Protein (SNAP). For SNAREs, only after the interacting partners of a myc-tagged NSF[103] 

were identified were researchers able to reconstruct the minimal necessary components 

sufficient to fuse membranes in alternate systems. Although only known to carry out their 

biological functions intracellularly, minimal reconstitutions of essential SNARE components 

assembled on the outer leaflets of cellular plasma membranes have been shown to be sufficient 

for ectoplasmic cell-cell fusion events[104].  Interestingly it has been recently proposed that 
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Figure 1.3 Fundamental steps in membrane fusion. A cartoon diagramming the key steps in 
vesicle fusion is shown (top) and zoomed in images of the membrane dynamics at each step 
(below). (A) Membrane contact occurs between the apposed bilayers of two separate 
membrane-enclosed compartments. (B) The outer leaflet of the phospholipid bilayer mixes with 
the cognate outer leaflet of the apposed bilayer to form what is called the “hemi-fusion 
intermediate” structure. (C) The inner leaflet of the phospholipid bilayer then mixes allowing for 
fusion pore formation and content mixing between the two vesicular compartments. This figure 
was adapted from a similar figure originally published under a Creative Commons Attribution 
License, Copyright 2011 Sutapa Mondal Roy and Munna Sarkar (PMID: 21660306) [105]. 
  

https://www.hindawi.com/journals/jl/2011/528784/
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SNARE protein structure is reminiscent of Class I viral fusion proteins, suggesting a potential 

relationship between these two proteins[106–108].    

Mitofusion events unite two individual mitochondria within the cell. Mitochondria, 

thought to be the evolutionary derivatives of an endosymbiotic prokaryote, are the double 

membrane-bound organelles responsible for energy generation in eukaryotic cells. However, 

while free-living bacterial cells do not have the ability to completely fuse to one another (likely 

due to their peptidoglycan walls), mitochondria do so regularly.  On the basis of their fusion 

protein structures, the mechanism of mitofusion is less related to SNAREs[109], and more 

similar to those of the atlastin GTPases which mediate the fusions of endoplasmic reticulum 

membranes[110–112]. Fzo1, Ugo1 and Mgm1 are all yeast proteins which have been identified 

as important for promoting the outer-membrane fusion events of mitochondria [113]. They are 

expected to do so specifically in a GTP- and pH-dependent manner through a homotypic trans-

interaction of antiparallel coiled-coiled repeats of Fzo1 (mammalian homolog is Mitofusin 

Mfn1)[114]. It is not clear, however, whether Fzo1 only functions in docking of individual 

mitochondria or both docking and fusion[112]. Relevant to this discussion, other mitochondrial 

fusion mutant phenotypes were attributed to defects in placental trophoblast giant cells[115] 

(when Mfn2 was deleted in mice), and male sterility in Drosophila melanogaster Fzo1 mutants 

due to mitochondria deficiencies  during spermatogenesis[116].     

Nuclear envelope fusion during karyogamy, or the formation of a zygotic nucleus from 

two haploid pronuclei, is another example of a fusion event between two double membrane-

bound organelles within the cell.  In yeast karyogamy, SNAREs and Prm3 mediate outer 

membrane fusion, but recently an ancient conserved membrane protein called Kar5 (a.k.a., 

brambleberry) has drawn interest as potentially being involved in both outer and inner 

membrane fusion as well [117–119]. A common theme in karyogamy in both Tetrahymena and 

yeast is that microtubular networks are key to initially draw the two nuclei destined for fusion 

together [120–122]. In karyogamy, it is possible that these microtubular dynamics may even 
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functionally replace the necessity for a specific “recognition” event between heterologous nuclei 

prior to membrane adhesion.      

C2. Classes of viral fusogens 

In contrast to the complexes of proteins controlling intracellular membrane fusion, many 

viruses use only a single protein to accomplish the task[123]. The diversity of proteins 

enveloped viruses use to initiate membrane fusion in their entry of host cells during infection are 

classified into three structural categories described below.  For each of these categories a short 

description and a few examples are given. Regardless of the variety existing in the structure, 

triggers, and fusion peptide adopted by each viral system, a common theme in these protein’s 

mechanisms is the unilateral interaction of pre-fusion trimers with target bilayers and the 

conformational transitions of these oligomers to a post-fusion “trimer-of-hairpins” [124].    

Class I  fusion protein monomers are characterized by two α-helices and an amphiphilic 

fusion peptide[81].  In their pre-fusion trimeric form, the six-helical bundle centrally buries the 

amino terminal, fusion peptide-containing, α-helical coiled coil of the three monomers, wrapping 

them in an external layer of their membrane-proximal helices[124]. When activated, 

conformational changes extend the exposed fusion peptide in the amino terminal domain 

towards the target membrane, forming a rod-like structure[81]. After peptide anchorage in the 

target bilayer, this amino terminal domain folds back towards its partner helices, drawing the two 

membranes together and leading to fusion as it forms a post-fusion six-helical bundle.  Fusion 

triggers for these proteins are generally either low pH, receptor-binding, or a combination of the 

two[124].  Some classical examples of viruses containing Class I fusion proteins are Human 

Immunodeficiency Virus (HIV), Simian virus, Ebola virus, Influenza virus, and the Severe Acute 

Respiratory Syndrome (SARS) virus.       

Influenza virus hemagglutinin (HA) is perhaps the best understood class I fusion protein.  

It is a type I transmembrane protein whose disulfide-bonded proteolytic cleavage products, HA1 

and HA2, mediate both viral adhesion and fusion, respectively[81].  The proteolytic cleavage of 
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HA also results in the N’ terminal positioning of the its fusion peptide. First, HA1 binds sialic acid 

on the host-cell receptor surface, and the virion is endocytosed[81].  Exposure to the low pH of 

the endosome activates HA through protonation of both subunits, allowing the decoupling of 

HA2 from HA1 for ensuing rearrangements forming the extended rod structure and hooking 

fusion peptides into the bilayer[124]. At this stage, it is expected that clusters of trimeric HA 

units form prior to fold-back to ensure sufficient fusogenic force for membrane merger[125].         

Class II fusion protein monomers have an elongated three-domain architecture 

composed almost entirely from β-sheets and an internal hydrophobic fusion loop.  Although 

class II fusion proteins (CII) lack underlying conservation at the amino acid level, the extreme 

similarities observed in the tertiary structures of these fusogens suggest that they were derived 

from a common ancestor [86,95,106]. In viral CII proteins, before virion assembly they are 

transiently associated with a protein chaperone (prM for Tick Borne Encephalitis Virus and p62 

for SFV) that functions in their proper folding and transport, and is cleaved off by furin before 

virion release[95]. In their pre-fusion form, ectodomains lie flat along the viral membrane in a 

herringbone pattern of antiparallel dimers, with the C’ terminal transmembrane proximal 

domains I and III of one monomer embracing the fusion loop-containing domain II of the 

other[126,127].  Interestingly, the arrangement of dimers on the virion membrane in certain 

arboviruses was discovered to be less tightly packed when the virus is passing through its 

human versus mosquito host.  These changes are reflective of the temperature differences 

between the two host environments, and explain the accessibility of certain viral epitopes (that 

were originally thought to be buried) to the mammalian immune system[128].   

The internal fusion loop itself (~16 amino acids long) is sandwiched between beta-

strands ‘c’ and ‘d’ at the very apical end of domain II.  Although the canonical viral fusion loop 

sequences of each viral family are highly conserved, the observed mutation frequencies of 

these loop sequences in some viral isolates are unexpectedly high (~27% non-synonymous 

mutation rate), suggesting some degree of flexibility in the overall amino acid composition of the 
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peptide, especially under conditions of superinfection [129].  In general, fusion peptides are 

known to form independently folded domains in the membrane upon insertion that alter the 

structure of the lipid bilayer to be more highly-ordered, in an enthalpy-driven “non-classical” 

hydrophobic effect[130–132].  With respect to CII fusion loops, the overall amino acid content, 

specifically of hydrophobic, flexible glycines and/or large bulky residues, centrally located within 

the loop [133,134], along with peptide clustering (likely involving secondary structural changes 

of the peptide in the bilayer evironment) [135] are both important for membrane interaction.  At 

least from recent data (see Chapter three), however, it appears that the secondary structure 

changes of CII fusion peptides just before or during insertion in the outer leaflet of the bilayer 

are more essential for their membrane interactions than their overall amino acid composition. 

The degree to which this substantial peptide-induced membrane stress may contribute to viral 

fusion events (in addition to the fusion peptide simply serving as an anchor for fusion protein 

conformational changes) has not been well established.     

In the classical model of viral CII fusion (Figure 1.4A), upon activation, the dimers 

rearrange to a prefusion homotrimer through a metastable dimer intermediate, peeling the 

oligomerizing ectodomains up off the viral surface and towards the apposing membrane, and 

finally stabilizing into a trimer only once the fusion loops have inserted into the target bilayer[95]. 

From here, the C-terminal end of molecule (domains I & III) folds back towards the trimer’s core 

axis (which is formed in large part by the homotypic interactions of domain II from the individual 

monomers).  This advances domain III into a position much closer to domain II’s fusion loop and 

brings the target membranes together for fusion.  Larger complexes or networks formed by 

lateral interactions of these CII trimers are thought to further facilitate fusion[95].    

In some examples of CII viral entry, adhesion to the target membrane is carried out by a 

separate receptor-binding glycoprotein (alphaviruses), while in others the CII fusion protein itself 

functions in both receptor-binding and fusion (flaviviruses). In the latter case, due to the high 

number of cell lines permissive to infection, the receptor is assumed to be a molecule 
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ubiquitously expressed on the surface of many different cell types or multiple receptors may 

exist [136].  Some known receptors of the Dengue virus class II fusogens are heparan sulfate, 

Heat Shock protein 90 and 70, neolactotetraosylceramide, CD14, BiP, mannose receptor, and 

DCSIGN [136].  In these cases receptor binding is mediated by domain III of the fusogen.  After 

adhesion to the cell surface, flavivirus virions are generally taken into the cell via clathrin-

mediated endocytosis and fuse in the late endosome[137] to release their +ssRNA viral genome 

into the host cell cytosol. Formation of new virions occurs through budding into the endoplasmic 

reticulum (flaviviruses), or at the plasma membrane (alphaviruses)[95]. 

The recognized fusion trigger for CII viral fusion is low (~6) pH [123], however recent 

studies have found that calcium is a requirement for at least one example [138,139], while still 

other proteins were shown to depend on target bilayer compositions containing higher 

concentrations of cholesterol or negatively-charged, cone-shaped lipids (like PE) [95,137]. 

Membrane compositions in general, are already known to have profound effects on the 

likelihood of progression through fusion intermediate structures, so these lipid requirements are 

expected to pose more of a restriction to fusion pore formation rather than function as a 

trigger[140,141]. 

Classical examples of class II fusion proteins are found in the Flaviviridae and 

Togaviridae families, which contain members such as Chikungunya virus, Yellow fever virus, 

Dengue Virus, Zika virus, and Tick-borne encephalitis virus[95].  Interestingly, CII fusion 

proteins are also now known to mediate certain developmental cell-cell fusion events (see 

discussion below and Chapter 3).  While some of these viruses have vaccines in development, 

the only two successful vaccines that have been developed so far for CII-fusion protein-

containing viruses are for Japanese Encephalitis Virus and Yellow fever virus[142].  It is thought 

that neutralizing antibody responses against these CII-fusogen envelope proteins are key 

correlates of protection from these infections.  Other therapeutic interventions, such as fusion-

inhibiting peptides analogous to the envelope stem, are being developed in parallel[143]. 
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Figure 1.4 Proposed models of Class II Membrane Fusion. (A) The classical model of viral 
class II membrane fusion, adapted by permission from Macmillan Publishers Ltd: Nature 
Reviews, Microbiology [95], copyright 2006. (B) The developmental model of viral class II 
membrane fusion as reprinted from Cell, 157, Perez-Vargas, J. et al., Structural basis of 
eukaryotic cell-cell fusion, 407-419, Copyright (2014), with permission from Elsevier [144]. The 
three domains of the CII fusion protein are labeled as follows: domain I = red, domain II= yellow, 
domain III = blue. Steps in the predicted fusion process are numbered 1-7.  In step 1, 
antiparallel dimers lay on the virion surface in A or upright on the both membranes in B. 2. An 
activating trigger in A causes a conformational change that shifts the dimers up off the virion’s 
surface and exposes their fusion loop, while in B pre-fusion monomers cluster together forming 
trans-interactions between monomers on opposed membranes.  3. In A, insertion of the fusion 
loops into the target bilayer allows for a stable pre-fusion homotrimer to form while in B, addition 
of a third monomer to docked monomers creates an extended intermediate structure without the 
necessity of a fusion loop interaction. 4. In both cases, domain III relocates to a new, more 
forwardly-located binding site on the trimer between domains I and II, drawing the two 
associated membranes together and distorting them through the cooperative actions of the 
trimer (and fusion loop in A). 5. The “stem” (sequence connecting domain III to the 
transmembrane domain) relocates to a position tightly against the trimer axis, bringing 
transmembrane domains closer to one another, further distorting the membrane. In B, the stem 
is brought into a position to interact with the tip of domain II in the trimers. 6. As all three stems 
reposition to their final destinations, the two membranes advance to a hemifusion intermediate 
stage. 7. As the transmembrane segments of each dimer come into alignment together, a 
complete fusion pore is formed. 
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Class III fusion protein monomers combine structural traits seen in both CI and CII 

fusion proteins.  These structures for prefusion trimers containing both α-helices and β-sheets 

that possibly end up in post-fusion six helix bundles[81].  They also have short, bipartite and 

hydrophobic fusion loops that are exposed all the time (not just upon activation) [81,124].  One 

distinctive feature of CIII fusion proteins is that their low pH or receptor triggered conformational 

changes appear to be reversible, unlike those of CI and CII proteins[124].  Example viruses 

containing these fusion proteins are Rabies Virus, Herpes Simplex Virus, and Vesicular 

Stomatitis Virus. 

C3. Developmental cell-cell fusion 

Cell-cell fusion is known to be critical for many important biological processes ranging 

from gamete cell-cell fusion in sex, to nonsexual cellular fusions generating giant multinucleate 

cells as precursors for the development of an array of different tissues such as bone, placenta, 

eye lens, and muscle[82,145].  The diversity of the uses for cell-cell fusion in different organisms 

abounds, with fusions in blastomeres of sponges (Porifera), self-fusions in the hypha of 

Neurospora, and over 300 somatic cell-cell fusions during formation of various tissues and 

organ systems in the nematode worm C. elegans [94,145].  A role for cellular fusion has even 

been suggested in the pathology of cancer[146].  In this emerging field, however, many of the 

fusion proteins controlling these events are still unknown, and with them the array of potential 

fusion mechanisms that might help us better understand the merger of membranes[141].  While 

identification of these proteins is key, some cell-cell fusogens are already starting to be 

understood.  

Among these, probably the best characterized are the somatic cell fusions instigated by 

the fusion failure (FF) proteins in the nematode worm Caenorhabditis elegans [86,145].  These 

proteins are responsible for the generation of muscles in the pharynx and epithelia, as well as 

the uterus, nervous system, vulva, hymen, and excretory system of the developing 

worm[145,147,148].  The fusion proteins involved are called Epithelial cell Fusion Failure (EFF-
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1) and Anchor cell Fusion Failure (AFF-1), and constitute the first known family of 

developmental fusogens [87]. The FF proteins are model fusogens, necessary for cell fusion 

during worm development, and resulting in syncytia formation when they are heterologously 

expressed in mammalian cells. As in the worm, expression of these fusion proteins in cultured 

cells was necessary on both target and donor membranes for fusion to occur, and mediated 

fusion of transfected BHK-21 cells[149], as well as of EFF-1 carrying pseudotyped viral particles 

to an EFF-1 expressing target membrane[88]. The frequency and degree to which EFF-1 

heterologous cell-cell fusion occurs can be increased via localized actin polymerization at the 

plasma membrane [150].   

Finally, the EFF-1 protein was the first cell-cell fusogen for which a structure was solved 

[144], leading to the startling discovery that it highly resembled a class II viral fusion protein. The 

highly similar structure, along with the fact that CII envelope proteins are found in some 

retroviruses of C. elegans is more than a bit suggestive as to the origins of these proteins, but a 

clear relationship has yet to be established [151].  The EFF-1 structure, however, differed from 

classical CII proteins in a number of respects, such as the lack of a fusion loop. Instead EFF-1 

had a very short acidic patch of amino acids in the protein region where the loop should have 

been. It was speculated that these acidic residues may possibly destabilize the outer leaflet of 

the target bilayer, but were not expected to directly insert into the membrane.  In addition, in 

contrast with the membrane parallel pre-fusion dimers of CII viral fusogens, the EFF-1 protein 

was surprisingly found to be positioned upright and monomeric on the cell surface[152].  

Given the necessity of the EFF-1 molecule on both donor and target membranes for 

fusion events to occur, a developmental model for CII fusion by EFF-1 has been proposed 

(Figure 1.4B)[144]. In this model, the major conformational changes (the “fold-back”) within the 

CII structure are the same, but the formation of the prefusion trimer differs. The prefusion trimer 

is expected to form through a homotypic trans-interaction between EFF-1 molecules from 

opposite membranes to form an intermembrane prefusion trimer containing transmembrane 
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anchors in both bilayers [144].  The fusion loops of this trimer are not expected to insert into the 

membrane, although it is possible that domain II would still be orientated towards one of the two 

bilayers if the “acidic patch” really does play a role.  Regardless, the trans-orientation of the 

trimer would already have anchors in both membranes rendering any insertion of a fusion loop 

unnecessary. Thus, it is purely the conformational changes resulting in the post-fusion trimer of 

hairpins that is thought to be the sole force drawing the two apposed membranes close enough 

together to initiate fusion.  While this is an alluring mechanism, no biochemical data yet exists to 

show that EFF-1 monomers from two different cells can functionally interact in a trans-

oligomerization event. In addition to this, the environmental trigger of FF-mediated fusion events 

is still unknown.            

In the realm of gamete-cell fusion, while HAP2/GCS1 is known to be important in many 

eukaryotes, HAP2 orthologs have not been found in fungi or vertebrates[18]. While the 

tetraspanin Prm1p[153–155] is implicated in yeast gamete cell fusion, the identity of the gamete 

fusogen in vertebrates is still unknown, but several candidate proteins have been suggested 

[156,157].  Of these, the proteins already known to cause blocks to fertility in mice are the 

tetraspanin CD9 on egg cells[158–160], ADAMs[161], Izumo of sperm[162,163], and Izumo’s 

binding partner on the egg, Juno [164].  With all of these (including Prm1p in yeast), it has been 

difficult to delineate a precise function in fusion, and it is very possible that in many, if not all of 

these cases, the protein’s function is in gamete membrane adhesion rather than fusion.  

D. Objectives and Organization of the Dissertation 

The original goal of this dissertation was to elucidate the functional role of HAP2/GCS1 

in the ciliate Tetrahymena thermophila, in order to more broadly understand the potential 

fusogenic activity of this ancient gamete fusion protein.  At the time we started this work, it was 

still very unclear as to whether HAP2/GCS1 was the instigator of gamete membrane fusion, or 

maybe just a necessary member of a functional complex of proteins accomplishing this task.  

The work was prompted by a discussion between Dr. Timothy Springer (Harvard) and my 
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advisor, Dr. Ted Clark just before I started my rotation in the lab in my first year. From that 

conversation, my rotation project in the lab became using Tetrahymena as a protein expression 

platform to generate large amounts of the HAP2 protein for a potential structure. When these 

efforts proved ineffective, we focused our attention on the interesting questions arising in the 

biology HAP2/GCS1 function during ciliate mating. We realized that Tetrahymena’s easily 

induced, synchronous cell cycle and facile modes of genetic transformation and progeny 

analysis made it ideal for in vivo function studies of this key developmental cell-cell fusion event.  

Furthermore, the eccentricities intrinsic to this model organism’s sexual habits added an extra 

dimension to the project’s potential impact. 

The bulk of my dissertation research is presented in the first two data chapters.  In 

Chapter 2, the function of HAP2/GCS1 in Tetrahymena is described. Chapter 3 focuses on 

HAP2 protein-domain function, and is based primarily on structural homology predictions that 

led to the identification of topological similarities between HAP2 orthologs and class II viral 

fusion proteins, and the presence of a functional fusion loop. Chapters 4-6 describe the results 

of side projects done in tandem with the studies shown in Chapters 2 and 3.  The results of the 

later chapters are in line with the overall theme of HAP2-mediated sexual cell fusion, but are 

likely of higher interest to a more targeted audience working in ciliate biology. To summarize the 

work, in Chapter 7 I provide a short synopsis of the highlights of my dissertation as well as 

potential directions for future research in this field. 
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Chapter two 
 

Function of the male-gamete-specific fusion protein HAP2 in 
a seven-sexed ciliate1 

 
 
 
 
 
 
 
 

                                                 
1 Reprinted from Current Biology, 24, Eric S. Cole, Donna Cassidy-Hanley, Jennifer Fricke 
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Summary 

HAP2, a male-gamete-specific protein conserved across vast evolutionary distances, 

has garnered considerable attention as a potential membrane fusogen required for fertilization 

in taxa ranging from protozoa and green algae to flowering plants and invertebrate animals[1–

6]. However, its presence in Tetrahymena thermophila, a ciliated protozoan with seven sexes or 

mating types that bypasses the production of male gametes, raises interesting questions 

regarding the evolutionary origins of gamete-specific functions in sexually dimorphic species. 

Here we show that HAP2 is expressed in all seven mating types of T. thermophila and that 

fertility is only blocked when the gene is deleted from both cells of a mating pair. HAP2 deletion 

strains of complementary mating types can recognize one another and form pairs; however, pair 

stability is compromised and membrane pore formation at the nuclear exchange junction is 

blocked. The absence of pore formation is consistent with previous studies suggesting a role for 

HAP2 in gamete fusion in other systems. We propose a model in which each of the several 

hundred membrane pores established at the conjugation junction of mating Tetrahymena 

represents the equivalent of a male/female interface, and that pore formation is driven on both 

sides of the junction by the presence of HAP2. Such a model supports the idea that many of the 

disparate functions of sperm and egg were shared by the ‘‘isogametes’’ of early eukaryotes and 

became partitioned to either male or female sex cells later in evolution. 
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Results 

Genetic evidence for HAP2 function in multiple mating types 

 Tetrahymena thermophila has seven sexes or mating types, any of which can mate with 

the other six, but not with itself[7,8]. Cells become competent to mate following nutritional 

starvation. When mixed together, starved cells of complementary mating types undergo a period 

of morphological transformation, producing a region of smooth, deciliated membrane at their 

anterior ends where they subsequently pair[9–11]. Approximately 1 hr after mixing at 30⁰C, cells 

begin to form loose associations that are easily disrupted. By 2 hr, these loose associations give 

way to tight pairing, and a series of meiotic events ensues in which two haploid pronuclei, one 

stationary and one migratory, are generated in each cell of the mating pair (diagrammed in 

Figure 1.1). The transformation of a loose adhesion into a mature, mechanically robust mating 

junction coincides with the appearance of 0.1–0.2 μm diameter intercellular pores that form as a 

result of several hundred independent membrane fusion events. Over time, these pores expand 

up to ten times their initial diameter, allowing the exchange of migratory pronuclei[11,12]. 

Following exchange, migratory and stationary pronuclei fuse, membrane integrity is restored, 

and cells disengage to complete the program of conjugal development. 

The macronuclear genome sequence of T. thermophila predicts a single homolog 

encoding HAP2, a male-gamete-specific protein thought to play a role in sperm/egg fusion in a 

wide range of species[1–6]. To confirm this, we obtained a full-length cDNA and deduced amino 

acid sequence for the protein (GenBank accession number KJ629172). Importantly, analysis of 

the Tetrahymena Functional Genomics Database indicated that the HAP2 gene is highly 

upregulated when cells of complementary mating types are mixed[13]. With the idea that HAP2 

is required for membrane pore formation in conjugating Tetrahymena, we initiated experiments 

to examine the effect of HAP2 deletion on mating success as defined by the completion of all 

the normal events of conjugation including cross-fertilization and new macronucleus 

development. Initially, we found that deletion of the HAP2 gene from the vegetative 

macronucleus of T. thermophila mating type VII (strain ΔHAP2-428) had no effect on progeny 
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development when crossed with wild-type cells of mating type II (SB1969; data not shown). One 

interpretation of this result was that HAP2 is dispensable for mating in Tetrahymena. 

Alternatively, HAP2 expression could be mating-type specific (and confined to mating types 

other than VII), or ubiquitous in all mating types but required on only one side of a pair to allow 

membrane fusion and pronuclear exchange to occur. To explore this further, we performed 

additional crosses using HAP2 deletion strains (ΔHAP2) carrying different drug-selectable 

markers in their germline micronuclei. Reciprocal matings were conducted between {wild-type x 

ΔHAP2} cells, {ΔHAP2 x ΔHAP2} cells, and control {wild-type x wild-type} cells of different 

mating types, with the parents of each cross containing either cycloheximide (Cy) or 6-methyl 

purine (6-MP) resistance markers in their micronuclei. In such crosses, fertilization success was 

scored as the percentage of mating pairs that gave rise to progeny resistant to both drugs (see 

Figure S-2.3). The results are shown in Table 2.1. Whereas reciprocal crosses between 

knockout cell lines and cells carrying the wild-type HAP2 gene were clearly fertile (giving rise to 

double drug resistant progeny), deletion of HAP2 from both mating types completely blocked the 

appearance of cross-fertilized progeny. To test the penetrance of the infertility phenotype, we 

performed mass matings followed by sequential drug challenge. From mating cultures of 

{ΔHAP2 x ΔHAP2} cell lines involving over 106 mating pairs, no double drug-resistant progeny 

were produced. Insertion of either the wild-type gene or an HA-tagged version of the full-length 

HAP2 cDNA into the endogenous HAP2 locus of both cells of a {ΔHAP2 x ΔHAP2} cross 

restored fertility, demonstrating the necessity of HAP2 in cross-fertilization and mating success 

(Table 2.1). 
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Table 2.1 Effects of HAP2 deletion on mating success. Reciprocal crosses (x) between wild 
type and HAP2 knockout (ΔHAP2) strains were carried out in various combinations. ΔHAP2a 
and ΔHAP2b are, respectively CU428.2 and CU427.4 cell lines in which the HAP2 gene has 
been completely replaced by a neomycin resistance cassette. For each cross, pairs were 
individually isolated into drops of media and allowed to establish “synclones” (mixed clonal 
descendants from both exconjugants), which were characterized phenotypically as explained in 
detail in Figure S-2.3. Three types of progeny synclones were phenotypically distinguished: 
those that successfully completed all steps of conjugation and developed a new macronucleus 
(cross-fertilizers; R/R), those that were blocked in gamete pronucleus exchange but proceeded 
normally otherwise (self-fertilizers; R/S or S/R), and those that failed to complete development 
of new macronuclei and retained their parental macronucleus (back-outs; S/S). % survival is the 
percent of isolated pairs that generated living cultures. The percentages of the three classes of 
progeny are shown in the remaining columns. The data presented for each cross are the pooled 
results from two to four independent pair isolation experiments. The actual number of pairs 
representing a particular outcome out of the total number of surviving pairs is shown in 
parentheses. Among progeny that developed a new macronucleus, the fraction of true progeny 
(i.e., cross-fertilizers) was directly correlated with the number of wild-type HAP2 parents in the 
cross (2, 1, or 0), and the differences were highly statistically significant (C2 6, n=1918 = 781.7, 
p<0.0001). Rescue strains are cell lines in which HAP2 gene knock-outs were replaced in the 
macronucleus with either the wild-type copy or cDNA version of the gene, in both parents of the 
cross (see Methods and Figure S-2.6). Because of the drug phenotype of the rescue strains, 
“self-fertilizers” and “back-outs” were not distinguishable from one another (indicated as NA, not 
applicable)  
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Mating % Survival 
% “Cross-
fertilizers”  

R/R 

% “Self-
fertilizers” 
R/S or S/R 

% “Back-
outs” 
S/S 

CU427.4 x CU428.2 96 
(404/423) 

90 
(364/404) 

2 
(9/404) 

8 
(31/404) 

ΔHAP2a x CU427.4 91 
(514/564) 

17 
(86/514) 

12 
(63/514) 

71 
(365/514) 

ΔHAP2b x CU428.2 91 
(774/846) 

28 
(217/774) 

7 
(55/774) 

65 
(502/774) 

ΔHAP2a x ΔHAP2b 96 
(226/235) 

0 
(0/226) 

4 
(9/226) 

96 
(217/226) 

Genomic Rescue 
Cross 

86 
(284/329) 

27 
(77/284) NA NA 

HAP2-HA cDNA 
Rescue Cross 

66 
(217/329) 

25 
(54/217) NA NA 

 



52 

Expression of HAP2 in all seven mating types of T. thermophila 

Taken together, the results described above indicate that HAP2 is functional in both 

members of a mating pair regardless of mating type. To test this further, we conducted 

quantitative real-time PCR experiments to determine HAP2 mRNA levels, and we found that the 

gene was indeed expressed in reciprocal {wild-type x ΔHAP2} crosses of mating types VI and 

VII, regardless of which mating type carried the wild-type allele. In such crosses, HAP2 

transcript levels were roughly half of those in control {wild-type x wild-type} crosses (Figure 

2.2A). Furthermore, in crosses between the ΔHAP2 knockout in mating type VII and wild-type 

cells from all other mating types (i.e., I–V), HAP2 mRNA was always detected, verifying that 

expression is not confined to any specific mating type. All seven sexes of T. thermophila 

express the HAP2 gene during early conjugal development (Figure 2.2B). 

Requirement for HAP2 in pair stability 

At the light-microscopy level, deletion of HAP2 had little or no effect on the ability of 

complementary mating types to recognize one another and form pairs. Nevertheless, when left 

undisturbed, {ΔHAP2 x ΔHAP2} pairs came apart more rapidly than {wild-type x wild-type} pairs 

(Figure 2.2C). To quantify pair stability, we exposed mating cells to varying periods of 

mechanical agitation and counted the ratio of intact pairs to single cells in the culture. Figure 

2.2D shows that wild-type pairs were relatively insensitive to vortexing, while {ΔHAP2 x ΔHAP2} 

partners were highly sensitive, with over 90% of pairs separating after 5 s of agitation. We 

tested pairs from both early (2 hr) and mid-stage matings (4 hr) and obtained similar results, 

indicating that the loss of stability of {ΔHAP2 x ΔHAP2} mating pairs at 2 hr was not simply the 

result of delayed development. Interestingly, {wild-type x ΔHAP2} partners showed an 

intermediate level of sensitivity to vortexing (Figure 2.2E), which correlates with HAP2 

expression at the transcript level. 
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Figure 2.2 HAP2 transcript levels and pair stability in wild type and ΔHAP2 crosses.  
(A) HAP2 mRNA transcript levels in control and reciprocal {wild type x ΔHAP2} and {ΔHAP2 x 
ΔHAP2} crosses as determined by quantitative reverse transcriptase PCR. {wild type x ΔHAP2} 
crosses showed roughly half the level of expression seen in wild type control matings, while { 
ΔHAP2 x ΔHAP2} crosses showed no detectable HAP2 expression. Knockout (KO) strains used 
in this study were ΔHAP2-428 (mating type VII; Methods) and ΔHAP2-427 (mating type VI; 
Methods). Error bars indicate the average expression levels +/- SEM (n=3). (B) Relative HAP2 
transcript levels in crosses between mating type VII knockout strain ΔHAP2-428 and wild type 
strains of mating types 1-V (strains SB3539, B2086.2, SB281, CU438.1, and C3 368.1, 
respectively; Methods). HAP2 mRNA expression in a wild type cross between mating types VII 
and VI (CU428.2 and CU427.4) is shown at the far right.  Error bars represent mean and SEM 
for technical triplicates of cDNA samples from either mating (x) or starvation (S) cultures. (C) 
Wild type cells (CU428.2 and CU427.4) or ΔHAP2 strains (ΔHAP2-428 and ΔHAP2-427) were 
starved, mixed together at time zero, and measured for pair frequency at 30 min intervals 
thereafter. (D and E) Cells were mixed and then physically disrupted using a Vortex-Genie at 
(D) 2-2.5 hr or (E) 4-4.5 hr after mixing. Cells were carefully withdrawn from culture vessels and 
gently placed on microscope slides before visualization under bright field. For each time point, 
100 subjects were counted three separate times, and the percent of intact pair was averaged for 
each time point.  Each experiment took 30 min to conduct. A diagram depicting the cellular 
events associated with conjugation of wild type cells at different time points is shown in Figure 
S-2.3. 
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HAP2 is required for membrane pore formation 

Bilateral exchange of gametic pronuclei in T. thermophila has been linked to the 

formation of intercellular pores at the nuclear exchange junction[12,14]. Using transmission 

electron microscopy (TEM), we found that HAP2 was necessary for the formation of intercellular 

pores at this site, and consequently exchange of gametic pronuclei between mating cells. As 

shown in Figure 2.3A and 2.3E, respectively, {wild-type x wildtype} and {ΔHAP2 x ΔHAP2} 

mating pairs exhibited smooth adhesion zones between closely apposed plasma membranes, 

along with membrane outpocketings extending from both partners into the intercellular cleft 

between cells, beginning with the loose-pairing interval at 1–1.5 hr post mixing. In the wild-type 

pairs, these membrane protrusions have been shown to fuse with the plasma membrane of 

partnering cells (E.S.C., unpublished data), and approximately 2 hr after cell mixing, pores could 

be observed at numerous loci within the adhesion zone (Figure 2.3A–D). By contrast, pores 

were not observed in {ΔHAP2 x ΔHAP2} pairs examined at 2 hr (Figure 2.3E–H), or at later time 

points even when meiotic nuclear configurations were observed at the mating junction (Figure 

2.3F). The presence of large, seemingly hypertrophied membrane vesicles within the junctional 

lumens of {ΔHAP2 x ΔHAP2} pairs were likely a consequence of the inability of membrane 

protrusions to fuse and form pores (Figure 2.3G). A proposed model for the events at the mating 

junction of {ΔHAP2 x ΔHAP2} and {wild-type x wild-type} crosses is shown in Figure S-2.4. 

HAP2 localizes to the nuclear exchange junction 

Consistent with a role for HAP2 in membrane pore formation, a GFP-tagged version of 

the HAP2 protein localized predominantly to the interface between conjugating cells, decorating 

the entire mating junction, excluding established pores (Figure 2.4A–C). Immunoelectron 

microscopy of freeze-substituted material showed some cytoplasmic labeling of the GFP-tagged 

protein (consistent with a site of synthesis within the endomembrane system), as well as 

localization to the extracellular space between fusion pores at the conjugation junction (Figure 

S-2.5). Because the chimeric GFP-tagged fusion protein was overexpressed in wild-type cells in 

the presence of the native HAP2 protein, we conducted additional localization studies using 
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ΔHAP2 deletion strains complemented with a C-terminal, HA-tagged version of the full-length 

HAP2 cDNA in both strains crossed. As shown in Figure 2.4E and F, the epitope-tagged version 

of HAP2 localized to the conjugation junction in a pattern almost identical to that of the 

HAP2::GFP fusion protein. 

Discussion 

The experiments described here show that HAP2 is expressed in all mating types of T. 

thermophila and functions in both cells of a mating pair to allow fertilization to occur. 

Interestingly, cells of complementary mating types can pair in the complete absence of HAP2, 

indicating that the protein acts downstream of mating type recognition and cell adhesion, which 

are likely controlled by multiple factors, beginning with cell-to-cell contact[15,16] and interaction 

of products of the mating type alleles[8]. Nevertheless, the fact that HAP2 both localizes to the 

conjugation junction and is required for membrane pore formation provides strong support for 

previous arguments that HAP2 acts as a gamete fusogen either by itself or in conjunction with 

other proteins[1–6]. Finally, we observed that the physical interaction of mating cells was 

stabilized by HAP2. Rather than a programmed event, premature dissociation of {ΔHAP2 x 

ΔHAP2} knockout pairs was likely the result of an inability to form pores and highlights a novel 

role for membrane fusion in pair stabilization that may have functional consequences in species 

other than Tetrahymena with highly motile gametes. 

 It is worth noting that the frequencies of progeny development in {wild-type x ΔHAP2} 

crosses and {ΔHAP2 x ΔHAP2} genomic rescue crosses (in which the HAP2 knockout construct 

was partially replaced in both parental strains with the native HAP2 gene) were less than that in 

control {wildtype x wild-type} matings (Table 2.1). In each case, this may have been due to a 

dosage effect, since in the {wild-type x ΔHAP2} crosses HAP2 was expressed in only one cell of 

a mating pair, and in the genomic rescue crosses we were unable to restore the gene to its full 

45N copy number in the macronuclei of the rescued ΔHAP2 knockout cell lines for technical 

reasons. Although other possibilities exist, a reduction in the number of membrane pores, a  

 



57 

Figure 2.3 Ultrastructure of the nuclear exchange junction.  (A-D) TEM images of wild-type 
nuclear exchange junctions. (E-H) TEM images of {ΔHAP2 x ΔHAP2} mating junctions. (A) 
Wild-type junction showing a membrane tubule (black arrow) protruding into the extracellular 
space 2 hr in to mating. White arrow indicates adjacent pore. Scale bar represents 100 nm. (B) 
Low-magnification view of a wild-type junction 4 hr into mating, showing multiple, complete 
junction pores (region bracketed by white arrows). Black arrows indicate meiotic nucleus in the 
extended “crescent” (or prophase I) configuration. This illustrates that in matings of wild-types 
cells, pores are complete by the onset of meiosis I. Scale bar represents 500 nm. (C) Wild-type 
junction (2 hr into mating) showing a typical junction pore (arrow). Scale bar represents 100 nm. 
(D) Image of wild-type (4 hr) junction showing multiple complete fusion pores. (Scale bar 
represents 500 nm). (E) {ΔHAP2 x ΔHAP2} junction at 2 hr showing protrusions of plasma 
membrane into extracellular space (arrows). Scale bar represents 100 nm. (F) Low-
magnification image of a {ΔHAP2 x ΔHAP2} pair during late meiosis I (~4 hr) showing the 
complete junction devoid of pores. Lower arrows indicate condensed nuclear chromatin. The 
upper horizontal arrow indicates the “neck” of the intranuclear meiotic spindle full of 
microtubules. This pair was at late anaphase or early telophase of meiosis I. The vertical arrow 
at the top indicates the exchange junction, devoid of pores. (G)  {ΔHAP2 x ΔHAP2} pair at 2 hr 
showing a region of the junction with swollen extracellular vesicles collecting in the junction cleft. 
Note also the absence of pores. (H) Complete {ΔHAP2 x ΔHAP2} exchange junction at 2 hr 
showing complete absence of fusion pores. Scale bar represents 500 nm. A diagram of 
membrane events at the junctions of wild-type and ΔHAP2 crosses is shown in Figure S-2.4. 
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Figure 2.4 Localization of HAP2 in mating cells. (A-D) A chimeric HAP2::GFP fusion 
construct under the control of a cadmium-inducible promoter was introduced into the 
macronucleus of T. thermophila mating type IV cells (strain CU522). Transformants were 
starved, induced with CdCl2, and mixed with mating type II cells under starvation conditions. At 
varying times thereafter, live mating cells were visualized using fluorescence optics. (A) A 
mating pair 3 hr after mixing, with strong GFP fluorescence over the mating junction. Scale bar 
represents 20 μm. (B) A higher magnification image of the mating junction from a later pair (3.5 
hr) shown on edge.  White lines bracket a region perforated by pores. Scale bar represents 5 
μm. (C) Mating junction at 4 hr with punctate staining (semicircular and circular profiles) on 
either side of the margins of the junction (white lines). This punctate staining pattern resembles 
autophagosomes in the same region of the mating junction shown in (D). Scale bar represents 
10 μm. (D) Transmission electron micrograph through a region near the mating junction (1.5 hr 
into mating) with autophagic vacuoles (arrows) shown in cross-section. Scale bar represents 
500 nm. Immunogold labeling of GFP-tagged HAP2 at the ultrastructural level is shown in 
Figure S-2.5. (E and F) A C-terminal HA-tagged version of the full-length HAP2 cDNA was 
introduced into the endogenous HAP2 locus of ΔHAP2 knockout strains (mating types VI and 
VII) by homologous recombination. Cells were mated, fixed and labeled with mouse anti-HA 
antibodies and secondary rhodamine red conjugated goat anti-mouse IgG as described in the 
text. Two different mating pairs are shown in (E) and (F). Scale bars represent 10 μm. 
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decrease in pair stability, or both could account for the reduction in progeny development seen 

in these matings. 

Previous studies have shown that HAP2 function is restricted to male gametes in 

sexually dimorphic, anisogamous species (i.e., organisms whose gametes are dissimilar in form 

and function)[1–5]. Nevertheless, isogamous organisms almost certainly arose before 

anisogamous species[17,18], and phenotypic traits that are now fixed in either sperm or egg 

(such as HAP2 activity) may well have been shared by the gametes of ancestral, isogamous life 

forms. In this regard, Tetrahymena, although producing neither male nor female gametes, may 

offer a glimpse into how the problem of gamete fusion was initially solved in the earliest 

eukaryotes, namely, through the formation of one or more pores (fusion events) initiated 

independently by both cells of a mating pair, each exhibiting either ‘‘male’’ or ‘‘female’’ character 

at given points of membrane contact at their interface. In this regard, HAP2 expression patterns 

have been examined in three isogamous species other than Tetrahymena: the slime mold 

Physarum polycephalum[2] and two algal species; Chlamydomonas reinhardtii[4] and Gonium 

pectorale[19]. Consistent with what we describe here, HAP2 was reported to be expressed in 

the two mating types of Physarum, and in both plus and minus mating types of Chlamydomonas 

and Gonium[4,19]. While these observations suggest that HAP2 expression is not restricted to 

particular mating types in isogamous species, deletion of the HAP2 gene from the minus 

(‘‘male’’) but not the plus (‘‘female’’) mating type of C. reinhardtii blocks fertilization[4], and while 

HAP2 is made, the protein is rapidly degraded in plus gametes of G. pectorale following gamete 

activation[19]. On the one hand, the apparent vestigial nature of HAP2 expression in the plus 

mating types of these species (along with the molecular and ultrastructural differences in their 

gametes[19–22]) may indicate they are in transition from isogamous to anisogamous 

forms[23,24]. At the same time, Tetrahymena is itself anomalous, in that it bypasses the 

production of ‘‘male’’ and ‘‘female’’ gametes altogether and instead produces stationary 

(‘‘female’’) and migratory (‘‘male’’) pronuclei that are exchanged between complementary 

mating types. Thus, the requirement for a male-gamete-specific fusogen, HAP2, in all mating 
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types of T. thermophila might be an adaptation to its nuclear exchange behavior rather than a 

characteristic of isogamous life forms in general. 

 Although it remains to be determined whether T. thermophila represents the exception 

rather than the rule in terms of HAP2 expression in isogamous species, an analysis of 

membrane dynamics in mating cells indicates that membrane fusion events, which are typically 

initiated by male gametes, are driven on both sides of the conjugation junction in mating 

Tetrahymena. This begins with the formation of membrane protrusions, or tubules of about the 

size of the singular mating structure in minus gametes of C. reinhardtii (i.e.,~50 nm diameter), 

which extend from the plasma membranes of each partner into the junction cleft. As shown 

here, in the absence of HAP2 these membrane events appeared to initiate normally, with 

protrusions extending from both cells into the junction cleft. However, no pores formed, and 

cytoplasmic continuity was never established in the critical developmental interval immediately 

following cell adhesion and the formation of membrane protrusions. This, and the fact that HAP2 

appeared targeted to a region of specialized membrane (the conjugation junction) where pore 

formation occurs, argues strongly for a role for HAP2 in membrane fusion. 

From a practical standpoint, the ability to induce synchronous mass mating in cells that 

can be cultured to high density on a large scale, along with methods for isolating the conjugation 

junction itself[25], makes Tetrahymena a potentially powerful system in which to examine HAP2 

function at a biochemical level. It should also be noted that a recent screen of proteins 

upregulated during conjugation in T. thermophila led to the identification of a gene encoding a 

predicted zinc finger domain-containing protein (ZFR1; TTHERM_01285910), which localizes to 

the conjugation junction of mating cells and, as with HAP2, appears necessary for normal 

fertility and pair stability[26]. The possibility that these and other proteins act in concert to drive 

membrane fusion, and perhaps pore expansion, clearly bears further investigation. Finally, 

although these studies provide strong evidence of a role for HAP2 in membrane fusion, 

Tetrahymena and other ciliate species appear unique in their ability to limit cell-cell fusion and to 

reverse the establishment of cytoplasmic continuity between cells during the mating process. 
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Materials and methods 
 
Tetrahymena strains and culture conditions. Tetrahymena strains were obtained from the 

Tetrahymena Stock Center, Cornell University. These and all new strains constructed in this 

study are described in detail in Table S-2.1: Tetrahymena thermophila Strains. Cells were grown 

at 30°C in NEFF medium (0.25% proteose peptone, 0.25% yeast extract, 0.5% glucose, 33.3μM 

FeCl3) on a platform shaker at ~ 100 rpm. For mating, log phase cells were starved at ~2 ×105 

cells/ml for 12-18 hrs in 10 mM Tris buffer (pH 7.5), and mixed in equal concentration at 30°C. 

For somatic transformation, target cells were grown to mid-to-late log stage (~6 × 105 – 1 × 106 

cells/ml) in NEFF medium, and starved overnight in 10 mM Tris buffer (pH 7.5) at ~2 × 105 

cells/ml prior to biolistic transformation[27,28]. Following transformation, cells were transferred 

to NEFF medium containing 250μg/ml Penicillin G, 250 μg/ml Streptomycin, and 1.25μg/ml 

Fungizone, and grown at 30°C.  

Tetrahymena strain construction. 

ΔHAP2 deletion strains: The endogenous HAP2 gene was knocked out in macronuclei of T. 

thermophila strains CU428.2, CU427.4, and B2086.2 by homologous recombination using a 

Neo4 drug resistance cassette[29]. Knockout construct Neo4 HAP2 KO was made by 

separately amplifying 5’ and 3’ flanking regions of the HAP2 gene by PCR using T. thermophila 

genomic DNA as the template, and primer pairs HAP2_5’ flankfor/HAP2_5’ flankrevXHOI and 

HAP2_3’forSACI/HAP2_3’ flankrev, respectively (design of DNA constructs for strain 

development along with PCR primer sequences are shown in Figure S-2.6: Construct Design; 

and, Table S-2.2: PCR Primers, respectively). The Neo resistance cassette was amplified from 

the Neo4 vector[29] using primer pair Neo4for2XhoI/Neo4cyrevSacI. The three PCR products 

were cleaved with the appropriate restriction enzymes (either XhoI, SacI or both), gel purified 

and sequentially ligated in reactions using T4 DNA ligase (New England Biolabs) at 16⁰C 

overnight. The final ligation product was gel purified, blunt-end cloned into PCR4BLUNTTOPO 

and sequenced. The resulting transformation vector was linearized and transformed without 
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further purification into the somatic macronuclei via biolistic bombardment[27,30]. ΔHAP2 

clones were selected initially in NEFF medium containing 70 μg/ml paromomycin, and pushed to 

complete macronuclear gene replacement by incrementally increasing the paromomycin 

concentration to 800 μg/ml. Complete replacement of the endogenous gene by the knockout 

construct was verified in each case by PCR using genomic DNA from transformed clones and 

primers that spanned the insertion site (HAP25’ flankfor and HAP23’ flankrev). Strains that 

showed only PCR fragments with sizes expected for the knockout construct (ΔHAP2-428, 

ΔHAP2-427) were grown for several more transfers in 800 μg/ml paromomycin, and then frozen 

in liquid nitrogen[31]. 

GFP-tagged HAP2 expressing strains For GFP-expressing cell lines, BclI and MluI sites were 

added to the 5’ and 3’ ends, respectively, of full-length HAP2 cDNA by PCR, and the resulting 

product cloned into corresponding restriction sites in the plasmid vector, pMTT1-NRK2-GFP 

[31], to create pMTT1-HAP2-GFP (panel D, Figure S-2.6: Construct Design). Vector DNA was 

then introduced into modified T. thermophila strain, CU522 (mating type IV) via biolistic 

bombardment [29] leading to insertion of the expression cassette (including the cadmium-

inducible MTT1 promoter) into the β-tubulin-1 locus via homologous recombination[32]. Positive 

transformants (designated HAP2GFP522) were selected by growth in 20 μM taxol. 

Genomic HAP2 and HA-tagged HAP2 cDNA rescue strains: A genomic HAP2 rescue 

construct was created by amplifying the genomic HAP2 gene and adjacent flanking regions, and 

inserting the pHrpl29-B cycloheximide resistance selection cassette (J. Bowen, personal 

communication) within the flanking region, ~ 400 bp downstream of the 3’ end of the HAP2 gene 

(panel B, Figure S-2.6: Construct Design). Three separate PCR products were generated using 

primers shown in Table S-2.2: PCR Primers, and the resulting products cleaved with the 

appropriate restriction enzymes (either XhoI, SacI or both), gel purified and sequentially ligated 

in reactions using T4 DNA ligase as above. The final ligation product was gel purified and blunt-

end cloned into plasmid, PCR4BLUNT-TOPO. A similar HA-tagged HAP2 cDNA rescue 
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construct was created by introducing BamHI and KpnI sites into the genomic rescue vector 5’ 

and 3’, respectively, of the genomic HAP2 gene, and placing the same restriction sites at the 5’ 

and 3’ ends of the HA-tagged HAP2 cDNA (panel C, Figure S-2.6: Construct Design), using 

primers listed in Table S-2.2: PCR Primers. Following PCR, both vector and cDNA insert were 

cleaved with BamHI and KpnI, gel purified, and ligated using T4 DNA ligase. Both the genomic 

and cDNA vectors were transformed into E. coli and frozen at -80°C. For use in Tetrahymena 

transformation, each vector was linearized and transformed without further purification into the 

somatic macronuclei of ΔHAP2 deletion strains of mating type VII (CU428.2) and mating type VI 

(CU427.4). Separate transformations for each vector and strain combination were carried out 

via biolistic bombardment as above. HAP2 rescue clones (HAP2genomicRes428, 

HAP2genomicRes427, HAP2cDNARes428, HAP2cDNARes427 (Table S-2.1: Tetrahymena 

thermophila strains) were selected in NEFF medium containing 25 μg/ml cycloheximide. 

Quantitative PCR.  Internal primers for quantitation of Tetrahymena HAP2 gene expression 

(viz. TthermPair2for and TthermPair2rev (Table S-2.2: PCR Primers) were designed using 

PrimerExpress3 software (Life Technologies). PCR reactions were carried out in triplicate in 

SyberSelect MasterMix (Invitrogen) in 10μl reactions using an ABI Viia7 Real-Time thermocycler 

(Life Technologies) and first-strand cDNA as the template. To generate a quantitation standard, 

synthetic HAP2 sense RNA was made by in vitro transcription using SP6 RNA polymerase to 

drive expression from the full-length T. thermophila HAP2 cDNA in the pCR4Blunt-TOPO vector 

according to the manufacturer’s instructions (Promega). Plasmid DNA was linearized before use 

in in vitro transcription reactions. SP6 generated RNA was quantified with a QuaWell UV 

spectrophotometer and stored in aliquots at -80°C. Total RNA from samples of mating cells, 

along the in vitro transcribed standard, were then used to prepare template cDNA using the 

Invitrogen SuperScript III First Strand Synthesis system for RT-PCR as described above. Real-

time PCR was carried out with dilutions of cDNA from the in vitro synthesized RNA to generate 

a standard curve. The amount of HAP2 transcript in experimental samples was finally 
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determined by comparison of Cts generated from experimental samples relative to those of the 

standard curve. Reactions were run according to FastCycling Mode parameters; 1 cycle of 50°C 

for 2min, 95°C for 2min, followed by 40 cycles of 95°C for 1sec, 59°C for 30sec. The percent 

efficiency ranged from 94.55 – 95.67%, while the slope of the trend line was -3.46. A 

dissociation curve was performed immediately following the conclusion of the run, and did not 

contain any off-target amplicons. 

Pair disruption assays. Mating pairs were physically disrupted using a Vortex GenieTM set at 

setting 4/5. Three mL samples of mating cells (at 5-7×105 cells/mL) were transferred to a 15 mL 

centrifuge tube. The tube was lowered onto the vibrating Vortex GenieTM platform as it was 

running, until contact was made and a vigorous swirl induced. Then at 5 second intervals, 11 μL 

samples were withdrawn with a P20 and laid on a clean microscope slide. A coverslip was 

lowered gently so that the edge of the coverslip was in contact with the slide (at an angle) and 

the drop made gentle contact with the coverslip before it was released (to minimize extra 

agitation). 100 “subjects” were counted for each time point (scored as single cells or pairs). The 

number of pairs/total “subjects” multiplied by 100 yielded % pair data. The same procedures 

were also used to measure pair stability over time in the absence of mechanical disruption as 

described in the text. 

High-pressure freeze-substitution for TEM and immuno-gold TEM localization. Cultures 

with mating pairs of Tetrahymena were prepared for transmission electron microscopy or 

immuno-electron microscopy as described in Meehl et al.[33] and Giddings et al.[34]. Briefly, 

cells were harvested by centrifugation into a cryoprotectant solution consisting of 15% dextran 

(9-11KD, Sigma) and 5% BSA in 10 mM Tris and frozen in a Wohlwend Compact 02 High 

Pressure Freezer. Matings involving ΔHAP2 mutants were centrifuged gently using a handcrank 

centrifuge to avoid pair disruption. For analysis of ultrastructure in wild type and mutant mating 

pairs, samples were freeze-substituted in 2% osmium tetroxide, 0.1% uranyl acetate in acetone 

and embedded in Spurr’s epoxy resin. Serial thin sections were imaged in a Philips CM100 
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TEM. For immunolocalization of the chimeric HAP2:GFP gene product, samples were freeze 

substituted in 0.25% glutaraldehyde, 0.1% uranyl acetate in acetone and embedded in Lowicryl 

HM20. Serial thin sections were immuno-labeled with a rabbit anti-GFP polyclonal antibody 

(kind gift from Chad Pearson, University of Colorado-Denver) followed by goat-anti-rabbit 

antibody conjugated to 15nm colloidal gold (Ted Pella, Inc.). 

Imaging of GFP and HA-tagged HAP2 transformants. For localization of HAP2 during 

mating, a cell line carrying the HAP2::GFP fusion gene (HAP2GFP522) was mated to a wild 

type partner (CU428.2). The engineered cell line was induced to begin expressing the 

HAP2::GFP fusion protein by applying CdCl2 at 0.1 μg/mL during the last 2 hrs of starvation. 

Mixing of the GFP-strain and a wild type partner at a ratio of 1:1 (vol:vol) resulted in a final 

concentration of 0.05 μg/mL CdCl2 during co-stimulation and pairing. Mating pairs in which one 

partner was expressing the GFP-fusion protein were then imaged using an Olympus BX-50 

fluorescence microscope equipped with a Fluoview scanning laser confocal imaging system. 

Conventional fluorescence images were captured using a DP-72 digital camera. 

To localize HA-tagged HAP2 in mating ΔHAP2 rescue strains, mating pairs were 

isolated at 2.5-3 hrs after mixing and washed in 20mM HEPES before fixation for 1 hr in IC 

Fixation Buffer (eBioscience). Subsequent washes and antibody incubations were carried out in 

eBioscience 1x Permeabilization Buffer. Pairs were labeled with primary mouse antibody 

against the HA-tag (Covance) at dilutions of 1/200-1/500, followed by incubation with a 

secondary rhodamine red goat anti-mouse IgG at 1/300 dilution (Invitrogen). Pairs were imaged 

using a Zeiss Axio Imager M1 microscope equipped with an AxioCamMR3 camera. Composite 

images were assembled using AxioVision Software (AxioVs40 V 4.6.1.0). 

Analysis of cross-fertilization via drug selection.  Mating success was assayed by 

constructing cell lines of different mating types deleted for the HAP2 gene within their expressed 

macronuclei, and carrying different drug-resistance markers in their germline micronuclei. The 

ΔHAP2-427 cell line carried a dominant cycloheximide resistance allele (Cyr) in its 
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micronucleus, while the other, ΔHAP2-428, carried a dominant 6-methyl-purine resistance allele 

(Mpr) in its micronucleus (see Figure S-2.3). Neither cell line carried a drug resistance marker in 

its macronucleus making the parental lines sensitive to both drugs. Assays were performed on 

cells derived from either single isolated pairs or mass cultures as follows. Six hours after mixing, 

mating cultures were diluted in growth medium (this discourages “late” pairing partners and 

causes dissociation of pairs very early in the mating program). Starting at 7 hours, (0.5-1 hr after 

feeding) persistent pairs were isolated by pipette into solitary culture. Typically, at least 96 pairs 

were isolated from each mating condition and their progeny were grown in 96-well microtiter 

plates after initial expansion in hanging drops. These “synclones” (mixed progeny expanded 

from both of the resulting exconjugants) were then replicated into plates containing either 

15μg/ml 6-methyl purine or 25 μg/ml cycloheximide. After 4 days in drug, plates were scored for 

survival, and replicated to the reciprocal drug. For matings that produced <1/96 double-drug 

resistant progeny, mass drug selections were performed to detect the existence of rare cross 

fertilization progeny. In such experiments, an entire mating culture (>1 × 106 pairs), were diluted 

into growth medium, and subjected to sequential drug challenge en masse. HAP2 rescue 

strains were made by insertion of either the wild type HAP2 gene, or an HA-tagged version of 

the full-length HAP2 cDNA into the ΔHAP2 deletion strains, ΔHAP2-427 and ΔHAP2-428 (see 

panels B and C, Figure S-2.6: Construct Design). Rescue of mating success was determined as 

above by mating HAP2 rescue strains to one another.
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Table S-2.1 Tetrahymena thermophila strains. 
 

Strainb Genotype (micronucleus) Genotype; Phenotype 
(macronucleus) 

CU428.2 CHX1/CHX1; mpr1-1/mpr1-1 MPR1, CHX1; mp-s, cy-s, VII 

CU427.4 chx1-1/chx1-1; MPR1/MPR1 MPR1, CHX1; mp-s, cy-s, VI 

B2086.2 CHX1/CHX1; MPR1/MPR1 MPR1, CHX1; mp-s, cy-s, II 

CU522 mpr1-1/mpr1-1; btu1-1::btu1-
1M350K/btu1-1::btu1-1M350K 

mpr1-1, btu1-1::btu1-1M350K; 
mp-r, ory-r, tax-s, IV 

SB3539 chx1[C3]-1/chx[C3]-1 CHX1[C3]; cy-s, I 

CU438.1 pmr1-1/pmr1-1 PMR1; pm-s, IV 

SB281 exoB2/exoB2; gal1-1/gal1-1 exoB2, gal1-1; exo-, gal-r, III 

C3 368.1 CHX1/CHX1[C3]; 
MPR1/MPR1[C3] 

MPR1[C3], CHX1[C3]; mp-s, 
cy-s, V 

^HAP2Δ428 CHX1/CHX1; mpr1-1/mpr1-1 MPR1, CHX1, hap2-1[Δ::neo4]; 
mp-s, cy-s, pm-r, VII 

^HAP2Δ427 chx1-1/chx1-1; MPR1/MPR1 MPR1, CHX1, hap2-1[Δ::neo4]; 
mp-s, cy-s, pm-r, VI 

^HAP2ΔB2086 CHX1/CHX1; MPR1/MPR1 MPR1, CHX1, hap2-1[Δ::neo4]; 
mp-s, cy-s, pm-r, II 

^HAP2GFP522 mpr1-1/mpr1-1; btu1-1::btu1-
1M350K/btu1-1::btu1-1M350K 

mpr1-1, btu1-1::btu1-
1M350K/btu1-12::hap2-
2[GFPc]; mp-r, ory-s, tax-r, IV 

^HAP2genomicR
es428 CHX1/CHX1; mpr1-1/mpr1-1 

MPR1, CHX1, hap2-
1[Δ::neo4/hap2-3(3’cy2)]; mp-s, 
pm-r, cy-r, VII 

^HAP2genomicR
es427 chx1-1/chx1-1; MPR1/MPR1 

MPR1, CHX1, hap2-
1[Δ::neo4/hap2-3(3’cy2)]; mp-s, 
pm-r, cy-r, VI 

^HAP2cDNARes
428 CHX1/CHX1; mpr1-1/mpr1-1 

MPR1, CHX1, hap2 
1[Δ::neo4/hap2cDNA (3’cy2)]; 
mp-s, pm-r, cy-r, VII 

^HAP2cDNARes
427 chx1-1/chx1-1; MPR1/MPR1 

MPR1, CHX1, hap2 
1[Δ::neo4/hap2cDNA (3’cy2)]; 
mp-s, pm-r, cy-r, VI 

  
                                                 
b CU428.2 and CU427.4 are functional heterokaryons, phenotypically sensitive to 6-methylpurine and 
cycloheximide respectively in the macronucleus, but homozygous for resistance to 6-methylpurine 
(CU428.2) or cycloheximide (CU427.4) in the micronucleus. B2086.2 is a wild type strain genotypically 
and phenotypically sensitive to both drugs. CU522 carries a mutation in the β-tubulin 1 gene conferring 
resistance to oryzalin and sensitivity to taxol. C3 368.1 and SB3539 are C3 strains of T. thermophila. All 
other strains listed are B strain T. thermophila. Strains marked with ^ are transformant strains created 
during the course of this project. 
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Table S-2.2 PCR Primers. 

 
Primer Namec Sequence, 5’ → 3’ Primer Use 

HAP2 5’flankfor GTTATTTTCAGCATCTTCTTTCATTTG HAP2Δ 

HAP2 5’flankrevXHOI TAAGTActcgagGCTAGAAGTAATATACTCACACCTGTTC HAP2Δ 

HAP2 3’flankforSacI CTTATGgagctcTCTAAAAGTTGTTTCAACATCTCC HAP2Δ 

HAP2 3’ flankrev ATCTCTTCTGATCATAGAGCACC HAP2Δ 

Neo4for2XhoI GACTTActcgagAATAAGGGTTTTGAATAACTCCT Hap2Δ 

Neo4cyrevSacI ATTCTAgagctcTGCATTTTTCCAGTAAAAATTTGA Hap2Δ,  
Rescue Hap2 

HAP25’FLANKFor GTTATTTTCAGCATCTTCTTTCATTTG Rescue HAP2 

Hap2Int3’FlankArevXhoI AATGTActcgagGGCAACCTTTGTTAAAAACC Rescue HAP2 

HrpL29BforXhoI AGCTCActcgagATATCTTCAAAGTATGGATTAATTATTTCA Rescue HAP2 

Hap2for ATGAAATTTTTGGCTTTTGGATTGATTTATTTTC Full HAP2 cDNA 

GSP1rev TCATTCAATTAGTAGATAGAGAGGAGATGTTGA Full HAP2 cDNA 

3’GFPHap2BclIFor GATTACtgatcaATGAAATTTTTGGCTTTTGGATTGATTTATTT
TC HAP2GFP 

3’GFPHap2MluIrev TATACGacgcgtTTCAATTAGTAGATAGAGAGGAGATGTTG HAP2GFP 

Oligod(G)Anchorprimer CATAGAGCTCGGATCCGGGIIGGGIIGGGIIGGGIIGDN 5’RACE 

TtHAP2GSP2Rev CACGATCTATCATAACTGCAAC 5’RACE 

TtHAP2GSP3Rev AAGCCTAATACAAATTCAGCAC 5’RACE 

Hap2 3’FlankBforSacI TACAGAgagctcCCATAAAAAAAGATAATTTTTAAGTATG Genomic Rescue 

HAP2 3’FlankRev ATCTCTTCTGATCATAGAGCACC Genomic Rescue 

BamHIHAP2For GATTACggatccATGAAATTTTTGGCTTTTGG cDNA Rescue 

TtFLHAP2HAKpnIR TAGTACggtaccTCAAGCATAATCAGGAACATCATAAGGATA
TTCAATTAGTAGATAGAGAGGAGATGTTG cDNA Rescue 

BamHI5’FlankRev GATTACggatccTTTTTATATTATGAATGTGTTAATATAATTTT
TATTC cDNA Rescue 

KpnI flank Afor GATTACggtaccATGAAAAATATTTATTTATAATTTTTAATA 
TTTTTG cDNA Rescue 

TthermPair2for TTCCAGCTACAGATCCAAGAGTTCT qPCR primer 

TthermPair2rev CAGCGTAAACATGGTTTTGTCAA qPCR primer 

TtHAP2Sp6RNAfor GATTTAGGTGACACTATAGAAATGAAATTTTTGGCTTTTGG
ATTG Sp6 HAP2 cDNA 

TtHAP2Sp6rev TCATTCAATTAGTAGATAGAGAGGAGATG Sp6 HAP2 cDNA 

 

                                                 
c All primers used in this project were supplied by Sigma-Aldrich, stored as 100 µM stock 
solutions, and diluted to 10µM working solutions prior to use in PCR reactions. Tms were 
determined using Modified Breslauer's thermodynamics, dH and dS parameters as 
recommended by the manufacturer.  Added restriction sites are shown in lower case letters. 



 

76 
 

.

 
 
Figure S-2.3 Mating assay for fertilization success. Cells were constructed with drug-
sensitive alleles in the macronuclei (Mac), and drug resistance markers in their transcriptionally 
silent, germline micronuclei (Mic). The Macs of each partner were engineered to express either 
the ΔHAP2 deletion or the HAP2 wild type allele. In this example, the cell on the left has a 6-
methylpurine (6-MP) drug-resistance allele (Mpr) encrypted in its Mic, and is homozygous for 
the ΔHAP2 knockout allele in its drug-sensitive Mac. Progeny will only express 6-MP resistance 
if the Mic genome comes into expression through completion of conjugal development. The cell 
on the right has a cycloheximide (CHX) drug resistance allele (Cyr) "encrypted" in its Mic, and is 
homozygous for the ΔHAP2 knockout allele in its drug-sensitive Mac. Below, the three possible 
mating outcomes are illustrated. In the first outcome (left-most), mating is aborted, and pairs 
retain their drug sensitive parental Macs. They, and their clonal offspring, exhibit sensitivity to 
both CHX and 6-MP. In the second potential outcome (middle pathway), gametic pronuclei fail 
to be exchanged, yet each side completes development (undergoing some form of infrequently 
occuring cytogamy or self-mating). This allows each partner to express its own Mic's drug-
resistance allele, but not the mating partner's (since nuclei were never exchanged). One partner 
will be resistant to CHX but not to 6-MP. The other partner will be resistant to 6-MP but not to 
CHX. In the third potential outcome (right-most pathway), cross-fertilization occurs producing 
progeny expressing both drug-resistance alleles. Cross-fertilization was never observed in 
matings between ΔHAP2 deletion strains.  
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Figure S-2.4 Model of membrane events in ΔHAP2 deletion (left) and wild type (WT, right) 
matings. Panels A-C illustrate how we envision pore formation happens in a wild type pair. (A) 
Membrane protrusions extend outward from the plasma membranes (solid parallel lines) of both 
partners and into the extracellular space of the junction cleft. (B) Membrane protrusions make 
contact (arrows) with plasma membrane of the mating partner. (C) Membrane fusion takes 
place creating cytoplasmic bridges ("pores") between mating partners. Panels (D-F) illustrate 
how we envision membrane dynamics go astray in {ΔHAP2 x ΔHAP2} matings. (D) Protrusions 
extend from each mating partner into the extracellular space of the exchange junction. (E) 
Membrane fusion fails, resulting in the formation of tubular, multilammellar extracellular vesicles. 
(F) Without establishment of intercellular pores, vesicles expand and accumulate in the 
extracellular space of the junction, then, theoretically disperse into the media surrounding the 
paired cells. 
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Figure S-2.5 Immunogold localization of GFP-tagged HAP2 at the mating junction in 
Tetrahymena thermophila. Cultures of wild type T. thermophila cells (mating type II) were 
crossed with CU522 (mating IV) cells that had been transformed with a chimeric HAP2::GFP 
construct.  After 2 hrs, mating cells were fixed and processed for immunogold labeling as 
described in the text. (A) A low-magnification TEM image with immunogold directed against 
GFP indicating presence of the tagged protein in the extracellular space between paired cells  
(Scale bar = 500 nm). (B) TEM image capturing a region of the exchange junction in which 
a cytoplasmic channel (upper red arrow) has already been established through membrane 
fusion. The lower red arrow indicates membrane protuberances extending into the extracellular 
space of the exchange junction and decorated with anti-GFP gold-conjugated antibodies. (Scale 
bar = 100 nm). (C) A higher magnification image with immunogold labeling of the HAP2::GFP 
protein. Black arrow indicates the junctional cleft between mating cells. (Scale bar = 100 nm). 
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Figure S-2.6 Construct design for HAP2 transformation vectors. (A) HAP2 knockout (KO) 
vector for replacement of the endogenous HAP2 gene with a functionally independent Neo4 
selection cassette. HAP2 5’ and 3’ flanking regions and the Neo4 resistance cassette were 
amplified using the primers shown. Restriction sites were included in primers as indicated to 
facilitate vector construction. (B) HAP2 genomic rescue vector used to replace the Neo4 
cassette in previously constructed knockout strains with the genomic version of HAP2. Primers 
used to amplify genomic HAP2 and adjacent flanking regions, and to amplify a cycloheximide 
resistance selection cassette for insertion within the HAP2 3’ flank are shown. Restriction sites 
included in the primers are indicated. (C) HAP2 HA-tagged cDNA rescue vector used to replace 
the Neo4 cassette in previously constructed knockout strains with a full length cDNA version of 
HAP2 fused to an influenza hemagglutinin (HA) epitope tag. Primers used to amplify the tagged 
cDNA gene and to add BamHI and KpnI restriction sites to both insert and vector are shown. (D) 
HAP2 3’ GFP (Green Fluorescent Protein) vector. BclI amd MluI restriction sites were added to 
the 5’ and 3’ ends of the HAP2 cDNA gene respectively using the primers shown, and the 
amplified product was inserted into BclI and MluI sites of pMTT1-NRK2-GFP to create MTT1-
HAP2-GFP. ß-tubulin-1 flanking regions target the construct to the somatic ß-tubulin-1 locus. 
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A link between virus and gamete fusion proteins: 
Implications for the origin of eukaryotic sexa 
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Summary  

The conserved transmembrane protein, HAP2/GCS1, has been linked to fertility in a 

wide range of taxa and is hypothesized to be an ancient gamete fusogen. Using template-based 

homology modeling, we now show that the ectodomain of HAP2 orthologs from Tetrahymena 

thermophila and other species adopt a protein fold remarkably similar to the Dengue Virus E 

glycoprotein and related class II viral fusogens. Consistent with this finding, mutations to a 

region in and around a predicted “fusion loop” in the Tetrahymena protein abrogate membrane 

pore formation in mating cells, and a synthetic peptide corresponding to the loop interacts 

directly with model membranes in biophysical assays. These results raise interesting questions 

regarding the evolutionary relationships of class II membrane fusogens, and harken back to a 

long-held argument that eukaryotic sex arose as the by-product of selection for the horizontal 

transfer of a “selfish” genetic element from cell-to-cell via membrane fusion. 
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Introduction 

Although sperm-egg fusion is a critical step in sexual reproduction, remarkably little is 

known about the molecular details of the process. Nevertheless, discovery of the conserved 

transmembrane protein, HAP2/GCS1[1, 2], has brought renewed focus to the problem and 

raised the intriguing possibility that HAP2 is an ancestral gamete fusogen dating to the last 

common ancestor of all eukaryotes[3]. 

HAP2 has been linked to fertility in a broad range of taxa extending from protists to 

flowering plants and insects[4–7], with gene knockout studies in unicellular eukaryotes, 

including Chlamydomonas reinhardtii, Plasmodium berghei and Tetrahymena thermophila[8–11] 

offering perhaps the strongest evidence that the protein plays a direct role in membrane fusion. 

In C. reinhardtii and P. berghei, disruption of the HAP2 gene had no effect on adhesion of male 

and female gametes but completely blocked membrane fusion and zygote formation post-

pairing[9].  Similarly, complementary mating types of T. thermophila were able to recognize and 

adhere to one another but failed to fuse in the absence of HAP2 expression[8]. Importantly, in 

Chlamydomonas and Tetrahymena, tagged versions of the protein localized to regions of the 

plasma membrane where fusion is initiated. HAP2 activity appears to be restricted to sperm, or 

the functional equivalent of male gametes in sexually dimorphic species[3, 6].  T. thermophila, 

on the other hand, has seven sexes or mating types and no true male gametes.  Recent studies 

in this species have shown that the protein is made in all seven mating types, and a complete 

block to fertility occurs only when the HAP2 gene is deleted from both cells of a mating pair[8].  

While these and other studies[5, 7, 12, 13]  clearly suggest a role for HAP2 in membrane 

fusion, primary sequence comparisons between HAP2 homologs and known membrane 

fusogens have shown no obvious similarities[3]. Indeed, our current understanding of HAP2 

structure-function relationships is based almost entirely on the effects of targeted mutations to 

the extracellular and cytosolic regions of the protein on fertilization success. In short, these 

studies suggest that species-restricted functions of HAP2 reside within extracellular region, with 
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numerous residues/motifs including the conserved HAP2-GCS1 domain having a role in 

fertilization[14–16].  By contrast, some studies suggest that the cytosolic region is almost 

entirely dispensable for activity[16], while others point to positively charged residues as well as 

multi-cysteine motifs that may be palmitoylated as being important[14, 15]. 

While the use of engineered mutations has been informative, assays for HAP2 function 

have focused largely on blocks to fertility rather than membrane fusion per se.  Such assays are 

indirect and often time-consuming, as are more direct assays for membrane fusion involving 

transmission electron microscopy. To address these issues in Tetrahymena, we sought to 

develop a high-throughput flow cytometry-based assay that would use exchange of 

fluorescently labeled proteins across the conjugation junction as a rapid and direct way to 

measure membrane pore formation in populations of synchronously mating cells. 

Concomitantly, we used template-based structural homology modeling to uncover 

conformational domains within HAP2 that are important for protein function.  As shown here, 

predicted structures for the T. thermophila HAP2 ectodomain bear a striking resemblance to 

class II viral fusogens, in particular the Dengue Virus E glycoprotein. These homology models of 

HAP2 include a predicted fusion loop, a region in the viral proteins that inserts into target 

membranes and plays a key role in the fusion process. Deletion of the predicted HAP2 fusion 

loop or residues thought to stabilize the loop were found to block pore formation in mating 

Tetrahymena, and a synthetic peptide corresponding to this region was found to interact directly 

with model membranes in a variety of biophysical assays.  

During the course of this work we became aware of successful efforts to crystalize and 

generate a high-resolution structure for Chlamydomonas HAP2, along with functional data that 

are consistent with the results reported here (Fedry et al. submitted).  Together, these studies 

argue strongly that HAP2 mediates zygote formation through a membrane fusion mechanism 

analogous to that used by Dengue and related viruses to enter host cells.  
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Results 

Transfer of labeled cytosolic proteins between mating cells 

In T. thermophila, HAP2 is localized to the conjugation junction, a specialized region of 

membrane between the two mating cells where hundreds of fusion pores form[17]. These pores 

allow the exchange of haploid pronuclei as well as limited amounts of protein and RNA between 

mating partners. To determine whether the exchange of labeled proteins could be used to assay 

for membrane fusion events (pore formation) during sexual conjugation, live cells of 

complementary mating types were starved to render them mating competent, and then 

separately labeled either green or red with the amine reactive dyes, carboxyfluorescein 

diacetate succinimidyl ester (CFSE), or cell trace far-red (CTFR). Cells were then washed and 

mated with either unlabeled cells of a different mating type or with each other. In the case of 

wild type (WT) cells, no exchange of labeled protein was visible by fluorescence microscopy 

prior to pairing (Figure 3.1A,B). After pairing, however, content exchange was readily detected 

between labeled and unlabeled cells (Figure 3.1C,D), as was the reciprocal exchange of 

fluorescent protein between cells that were initially labeled either green or red (Figure 3.1E-H). 

When these paired cells separated after the completion of mating (12-16h post-mixing), the vast 

majority had both fluorescent markers, but were more intensely labeled one color or the other 

(Figure 3.1I-L). Finally, no exchange of labeled protein was seen when complementary mating 

types lacking the HAP2 gene (ΔHAP2 strains) were crossed (Figure 3.1M-P). The latter result 

was entirely expected given the inability of these cells to form pores at the conjugation 

junction[8],  

By observing cells at varying time points after mixing it was possible to determine the 

relative kinetics of membrane fusion events with respect to pairing in this system. As shown in 

Figure 3.1Q, pairs first became measurable 1h 15m after mixing labeled WT cells of 

complementary mating types (30˚C). By 1h 30min, 50% of all WT pairs had exchanged dye 

indicating that pores form rapidly following the adhesion of mating cells (Figure 3.1R).   Notably, 
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the rate at which cells form pores (but not the rate of pairing) was significantly reduced when 

ΔHAP2 strains were mated with a WT partner, and likely contributes to the reduced fertility of 

WT x ΔHAP2 crosses described previously[8] 

Quantitation of membrane fusion using flow cytometry 

The ability to detect exchange of fluorescent proteins across the conjugation junction 

enabled the use of flow cytometry to quantitate the percentage of cells undergoing membrane 

fusion in large-scale mating cultures. As shown Figure 3.2A,B, when complementary WT mating 

types were cytoplasmically labeled, mixed, and acquired by flow cytometry, prior to pairing, two 

populations were seen, one CFSEhi and the other CTFRhi (Figure 3.2B). However, when the 

same cultures were fixed after the cells had completed mating and come apart, an entirely 

different pattern was observed (Figure 3.2C). In this case, the vast majority of cells (typically 

~80%) contained both fluorescent tracers and fell into two equally sized populations, one 

brighter for CFSE and the other brighter for CTFR (“Mid” fluorescence gate in Figure 3.2C). 

These cells had clearly undergone membrane fusion and exchanged labeled protein during the 

mating process. In addition to these “Mid”-fluorescence events, three other populations were 

visible. The smallest (typically <10% of cells) was intensely labeled with both tracers 

(CFSEhi/CTFRhi, Figure 3.2C-E, upper right-hand “Pairs” gate) and likely represented either 

persistent pairs (i.e. cells that had paired and failed to come apart), or pairs that formed very 

late in mating cultures. Indeed, a few pairs were visible by microscopy even 16 h post-mixing, 

and, based on forward light scattering (FSC), the size distribution of individual events in the 

“Pairs” gate was consistently larger than that in the other gates (Figure 3.2F). The remaining 

two populations (comprising 10-15% of total cells) were single-labeled and expressed either 

CFSEhi or CTFRhi (Figure 3.2C). Cells in these populations had not acquired label from a mating 

partner, and were the expected number of cells that fail to generate true progeny in standard 

WT crosses[8].  
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Our interpretation of the flow cytometry results generated with WT matings was strongly 

corroborated in crosses with ΔHAP2 strains. In the case of ΔHAP2 x WT crosses (Figure 3.2D), 

double-labeled cells were present in the “Mid”-fluorescence gate, but were dramatically reduced 

compared to the same populations in WT x WT crosses (Figure 3.2C).  Furthermore, in ΔHAP2 

x ΔHAP2 matings (Figure 3.2E), virtually no double-labeled cells were present in the “Mid”-

fluorescence gate, and the populations of single-labeled cells (which had not undergone fusion) 

were overrepresented relative to CFSEhi and CTFRhi populations in WT crosses (Figure 3.2C).  

Based on changes of fluorescence intensity in the various populations pre- and post-

mating, we determined that ~20% of labeled protein is reciprocally exchanged between WT 

cells regardless of the tracer or mating type background (Figure 3.2H,I). Interestingly, nearly the 

identical level of protein transfer was seen in crosses between ΔHAP2 x WT strains (Figure 

3.2I).  This, and the reduced rate at which these cells fuse (Figure 3.1R) suggests that the 

initiation of pore formation at the conjugation junction rather than the total number of pores that 

form is the primary defect in ΔHAP2 x WT crosses. It is also worth noting that in all instances in 

which complementary mating types were mixed, the populations of single-labeled cells that 

failed to fuse showed an average decline in fluorescence intensity of ~40% relative to the same 

populations of cells in cultures that were starved but not mixed (Figure 3.2J). This decline in 

fluorescence is likely attributable to “co-stimulation,” a signaling event requiring physical contact 

of starved complementary mating types that alters gene expression and protein turnover to 

promote the cellular transition to mating competency[17, 18]. 

To establish a baseline for functional studies with HAP2 mutant constructs (see below), 

we performed multiple mass mating experiments with WT, ΔHAP2, and ΔHAP2 rescue strains 

and determined the mean percentage of cells that fuse in each case (Figure 3.2G).  Consistent 

with previous fertility data[8], the vast majority of cells in WT x WT crosses fuse, whereas the 

level is reduced approximately 75% when HAP2 is expressed in only one cell of a mating pair.   
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Figure 3.1 Conjugation leads to rapid exchange of labeled cytosolic proteins in mating T. 
thermophila. Live cells of complementary mating types were labeled with either 
carboxyfluorescein diacetate succinimidyl ester (CFSE) or Cell TraceTM Far Red (CTFR) and 
examined microscopically after fixation. Scale bars in all micrographs = 10 μm. (A,B) Overlay of 
phase and fluorescence images of labeled and unlabeled cells combined and fixed 15 min post-
mixing showing either green or red labeling (but no exchange of fluorescent proteins). (C,D) 
Fluorescence images of labeled and unlabeled partners combined and fixed at 3.5 and 2.5 h 
post-mixing, respectively. Partial exchange of fluorescent proteins from labeled (bright) to 
unlabeled (faint) mating partners is seen. (E-H) Fluorescence Image of a wild type pair of cells 
in which both mating partners were separately labeled, combined and fixed 3.5 h post-mixing. 
Reciprocal exchange of labeled proteins is visible in the same mating pair viewed with either red 
(E) or green filter (F) filter sets. (G) Merged image of (E) and (F). (H) Phase image of the mating 
pair in (E-G). (I-J) Fluorescence images of labeled wild type cells 20 h after mixing.  At this time 
point, pairs have come apart, but exconjugant progeny cells maintain a combination of the 
parental fluorescent markers. (K) Merged image of (I) and (J). (L) Phase image of the cells in (I-
K).  (M-P) A cross between ΔHAP2 partners of complementary mating types with the same 
sequence of images as in (E-H). Note the absence of fluorescent protein transfer.  (Q) 
Representative data from one experiment showing the kinetics of pairing for WT x WT (♦) and 
WT x ΔHAP2 (□) crosses. (R) The kinetics of fusion in WT x WT (♦), WT x ΔHAP2 (□) and 
ΔHAP2 x ΔHAP2 (О) crosses determined as the percentage of pairs showing visible transfer of 
fluorescent material at the indicated time points. Data are expressed as the mean +/- SEM for 3 
and 4 independent experiments (♦ and □, respectively), and for 1 experiment (О). 
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Figure 3.2 Quantitation of T. thermophila sexual cell fusion events by flow cytometry. 
Populations of WT and/or ΔHAP2 cells of complementary mating types were labeled with either 
CFSE or CTFR, mixed together at a 1:1 ratio, and acquired at different time points after mating 
and fixation. Superscripts (α and β) denote mating types VII and VI, respectively. (A) 
Representative forward scatter (FSC) / side scatter (SSC) plot showing Tetrahymena cellular 
population being analyzed (circled).  (B) A flow cytometry plot of labeled WTα x WTβ (WTα x β) 
cells fixed 15 min after mixing the complementary mating types. (C) The same culture as in (B), 
but instead fixed 16 h after mixing. (D) Representative plot of a WTα x ΔHAP2β cross 16 h after 
mixing.  (E) The flow cytometry plot of a ΔHAP2 α x ΔHAP2 β (ΔHAP2 α x β) cross 16 h after 
mixing showing an absence of events in the mid-fluorescence gate. Numbers adjacent to the 
outlined areas in (a-e) indicated the percent of cells in these gates. (F) A representative 
histogram comparing the relative size of individual events (based on forward scatter) in the 
double-labeled CFSEhi/CTFRhi gate (grey) versus the single-labeled CTFRhi gate (red). Median 
FSC intensity values for these two populations are shown in the inset. (G) The cumulative 
results of independent mass mating experiments including all biological replicates for different 
WT, ΔHAP2, and complementation strain crosses (circles represent the percentage of 
exconjugant cells in the mid-fluorescence gate from individual matings 16 h after mixing; bar 
represents mean and error bars +/- s.d.). “Genomic” or “cDNA” strains are designated according 
to which HAP2 gene product was used to complement the ΔHAP2 cell line during their 
construction. A one-sided Kruskal-Wallis test with a Dunn’s post-test found a significant 
difference (**** = p<0.0001) between the WT α x β cross and WT x ΔHAP2 crosses, but no 
difference (ns= not significant) between the WT α x β cross and the genomic or cDNA 
complementation crosses. (H) Flow cytometry plots of cell populations from mated (dark grey) 
and unmated (red or green) cultures at the 16 h time point shown superimposed.  Populations of 
double-labeled cells from the mated cultures are denoted (F), and single-labeled cells that had 
undergone “co-stimulation” but had not exchanged fluorescent protein are denoted (CS). Note 
that the populations with the highest fluorescence intensities (MFI) are the single-labeled 
starved cells from the cultures that had not been mated.  The formulas used to measure the 
“Percent MFI Gained” (due to transfer of labeled protein from the opposite mating partner) and 
the “Percent MFI Lost” (due to co-stimulation) are indicated on the right. The calculations are 
color-coded to show the red or green MFI measurement that was used for each population (S, 
CS, F). (I) Chart showing the mean +/- s. d. of the percent MFI gained in each mating partner of 
a given cross, based on the upper formula in (H). The percent MFI gained in F populations was 
measured with respect to the MFI of the corresponding CS populations, as the co-stimulated 
partners would theoretically represent the starting fluorescence intensity prior to cellular fusion. 
Note that no substantial differences were seen in the amount of fluorescent protein exchanged 
between mating partners in WT x WT and ΔHAP2 x WT crosses. (J) Chart showing the mean 
+/- s. d. of the percent MFI lost in each mating type of a given cross based on the lower formula 
in (a). Regardless of the parental cell lines used, a consistent reduction in the MFI was seen in 
mated cells that had not undergone fusion (CS) when compared to unmated starved cells (S). 
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Furthermore, complementation of ΔHAP2 strains with either the genomic or cDNA 

versions of the HAP2 gene rescued both the fertility defect[8] and the cell-cell fusion defect in 

ΔHAP2 x WT crosses as expected (Figure 3.2G). Over-expression of HAP2 in WT cells, 

however, did not rescue fusion in crosses with ΔHAP2 strains, reinforcing the idea that the 

presence of HAP2 on both sides of the conjugation junction (rather than the total amount of 

HAP2 expressed in any given mating pair) is crucial for efficient pore formation in the 

Tetrahymena system (Figure S-3.3A-D). 

Predicted structural homologies between HAP2 and class II viral fusogens  

As a starting point for the design of mutant constructs, we sought to gain insight into the 

overall architecture of T. thermophila HAP2 using template-based structural modeling programs 

including Phyre2[19, 20], RaptorX[21], and CPHmodels-3.0[22]. This approach uncovered high 

(>95%) confidence hits to class II viral fusogens from which predicted structures could be built.  

The known structure of a prototypical class II viral fusogen, the Dengue virus E glycoprotein 

(DENV)[23] (PDB ID: 1UZG) is shown in Figure 3.3A along with the predicted ectodomain 

structures for T. thermophila HAP2 generated by Phyre2 (Figure 3.3B) and RaptorX (Figure 

3.3C). 

In the case of Phyre2, the region of homology with DENV covered a 196 amino acid 

stretch immediately upstream of the consensus HAP2/GCS1 domain. This region had only 16% 

sequence identity but aligned closely to a 166-residue stretch of DENV at the level of predicted 

secondary structure (Figure 3.3D). CPHmodels-3.0 identified a similar partial structural 

homology to DENV (Figure S-3.5A). The RaptorX homology model predicted a structure for the 

entire HAP2 ectodomain (Figure 3.3C) based on a different class II fusion protein template, 

namely, the Rift Valley Fever virus glycoprotein C (PDB ID: 4HJ1)[24]. Together, these 

structural predictions of HAP2 showed three largely β-sheet-containing domains, analogous to 

domains I-III of the viral class II fusogens, and included a possible “fusion loop” located at the tip 

of domain II (circled in Figure 3.3A-C; boxed sequence in Figure 3.3D). The fusion loop in class 
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II viral fusogens inserts into endosomal membranes and is critical for the entry of viral genome 

into host cells[25, 26]. 

A total of 40 HAP2 orthologs[15] were submitted to Phyre2 batch processing[20] to 

determine the extent to which the predicted structural homology to class II viral fusion proteins is 

maintained across taxonomic groups.  We found that 28 (~70%) had hits to class II viral 

fusogens (Table S-3.5).  A subset of the 17 highest confidence hits to these viral proteins is 

shown in Figure 3E.   

Mutational analysis of HAP2 function 

To address the predicted structural similarities between HAP2 and class II viral 

fusogens, we created cell lines carrying targeted mutations/deletions to various regions of T. 

thermophila protein and tested them for functional activity in crosses with WT cells using flow-

cytometry. Large deletions to the extracellular region covering either the entire HAP2 domain 

(Δ281-329) or the region of alignment with Dengue Virus E glycoprotein identified by Phyre2 

(Δ93-280), resulted in minimal fusogenic activity (Figure 3.4A,C).  The functional relevance of 

these deletions was nevertheless unclear, given that both constructs were poorly expressed 

(Figure S-3.6). More interestingly, a much smaller, 28 amino acid deletion of the fusion loop 

itself (Δ152-179) had a profound effect on fusogenic activity, reducing it to the levels observed 

in ΔHAP2 x WT crosses (Figure 3.4A,C). When this deletion was repaired with the native 

sequence (“HAP2 FL Rescue”, Figure 3.4A,C), the activity was restored to WT levels, but it 

remained low when the deletion was complemented with a 17 amino acid sequence comprising 

the DENV fusion loop (“DENV FL Rescue”; Figure 3.4C)[27]. Along with these deletions, we 

explored additional targeted mutations in and around the predicted T. thermophila fusion loop. 

The majority of these mutations showed no effect on fusogenic activity (Figure 3.4C). These 

included alanine replacements of either LNL171-3 or R164 within the predicted loop itself, or 

replacement of FQY131-3 in a neighboring loop (Figure S-3.4B). 
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Figure 3.3 Homology modeling predicts a structural similarity between HAP2 and class II 
viral fusogens. The T. thermophila HAP2 primary sequence was submitted to template-based 
structural modeling platforms, Phyre2 and RaptorX.  Known and predicted structures shown in 
panels (A-C) are colored by domain according to the convention used for class II fusion 
proteins: red = domain I; yellow = domain II; blue = domain III with black circles highlighting the 
known and predicted fusion loops.  (A) The known structure of the Dengue Virus envelope 
glycoprotein ectodomain (DENV, PDB ID: 1UZG)[23].  (B) The Phyre2-predicted partial 
structure of the T. thermophila HAP2 ectodomain based on the template shown in (a). (C) The 
RaptorX-predicted T. thermophila HAP2 ectodomain structure based on the Rift Valley Fever 
Virus Glycoprotein C template (PDB ID: 4HJ1)[24]. (D) The Phyre2 generated primary and 
secondary structural alignment of T. thermophila HAP2 and the Dengue Virus Envelope 
glycoprotein. Sequence identities are shaded gray, alpha helices are indicated by green spirals 
and beta strands by blue arrows.  The boxed region is the T. thermophila HAP2 sequence 
aligning to the viral envelope protein’s fusion loop. (E) A table of 17 HAP2 orthologs from other 
species with the highest confidence hits to class II viral fusogens based on Phyre2 batch 
processing results (Top class II viral hits are listed as: % confidence, PDB ID of template 
envelope protein structure, and viral origin: DENV= Dengue Virus, TBEV= Tick Borne 
Encephalitis Virus, WNV= West Nile Virus). 
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However, substitutions of serine for the first two cysteine residues (CC147-148SS) in a 

highly conserved cysteine motif that precedes the loop resulted in a dramatic decline in the 

percentage of cells capable of fusion (Figure 3.4C). Notably, cysteine residues in the cognate 

region of class II viral fusogens participate in the formation of disulfide bonds that are thought to 

stabilize the fusion loop [28, 29]. In contrast with the large deletions within the ectodomain 

(above), mutant constructs in the region of the fusion loop were expressed and, in almost all 

cases, correctly localized to the conjugation junction of mating T. thermophila (Figure S-3.6). 

In addition to mutations to extracellular region, alterations to the cytosolic domain of T. 

thermophila HAP2 were also constructed (Figure 3.4B). These included serine substitutions for 

cysteine residues in some or all predicted palmitoylation sites (C5 and C8); deletion of a stretch 

of highly basic amino acids (Δ580-596); and deletion of almost the entire cytosolic region 

(beginning at residue 580).  The corresponding mutant proteins were all expressed and 

correctly localized (Figure S-3.6), and while matings with the C8 substitution showed a slight, but 

statistically significant decrease in fusogenic activity when compared with WT x WT crosses, the 

other cytosolic alterations showed no measurable effects (Figure 3.4D). 

Biophysical evidence for interactions between the HAP2 fusion loop and membranes 

The effects of mutations to the HAP2 fusion loop described above, coupled with the 

known importance of this domain in the activity of class II viral fusogens, clearly suggested that 

HAP2 and the viral proteins catalyze membrane fusion events through a similar mechanism. To 

begin to address this question experimentally we attempted to induce membrane fusion by 

expressing Tetrahymena HAP2 in heterologous systems, namely, pseudotyped viruses and 

mammalian tissue culture cells. By and large, these efforts were unsuccessful (Figure S-3.7). 

Nevertheless, biophysical studies clearly demonstrated the ability of the predicted HAP2 fusion 

loop to interact directly with model membranes, an inherent property of viral fusion peptides.  

As revealed by circular dichroism spectroscopy, a synthetic peptide corresponding to the 

fusion loop of T. thermophila HAP2 adopts a partially (~30%) β-strand containing structure in 
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the presence of small unilamellar vesicles, but is essentially a random coil in solution (Figure 

3.5B). This alteration in secondary structure mimics that observed for a WT DENV fusion 

peptide under the same conditions, and suggests that, as in the case of the viral peptide, the 

fusion loop of T. thermophila HAP2 can bind to membranes. 

We then applied electron spin resonance (ESR) spectroscopy to determine whether the 

predicted HAP2 fusion loop can insert directly into lipid bilayers by measuring changes to the 

membrane-order parameter, So, of spin-labeled lipids in model membranes in the presence or 

absence of synthetic peptides. Increased membrane ordering in the presence of viral fusion 

peptides has been attributed to a membrane dehydration effect in which loosely bound water in 

the inter-bilayer space moves to the bulk water phase. Such peptide-induced changes are 

thought to be functionally significant as they can lower the energy barrier between closely 

apposed membranes allowing fusion to occur[30–33]. Indeed, previous ESR studies with fusion 

peptides from different class I fusogens (HIV gp41 and influenza hemagglutinin) suggest that 

this membrane ordering effect is a general phenomenon, as well as a critical step for viral 

membrane fusion[31, 32, 34, 35]. Here we incorporated two different spin-labeled lipids, DPPTC 

and 5PC, into model membranes to detect peptide-induced changes in membrane structure at 

both headgroup (membrane surface) and acyl chain (hydrophobic bilayer interior) regions 

respectively[31]. As shown in Figure 3.5C,D, increasing the peptide:lipid ratio from 0 to 2% 

resulted in substantial increases in membrane ordering at both the headgroup (Figure 3.5C) and 

acyl chain regions (Figure 3.5D) when synthetic peptides corresponding to the predicted HAP2 

and DENV WT fusion loops were used, while little increase was seen with a non-interacting 

mutant peptide, DENV W101A[36]. Furthermore, the roughly S-shaped curves of So as a 

function of increasing WT peptide concentrations suggests cooperativity in the membrane 

ordering effect, consistent with the requirement for class II proteins to oligomerize for efficient 

fusion to occur[37]. 
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Figure 3.4 Sequence elements important for T. thermophila HAP2 function. Altered 
versions of the HAP2 gene were placed under control of the endogenous promoter at the HAP2 
locus in a ΔHAP2 cell line. Mutant cell lines were then mated with a wild type (WT) partner, and 
the percentage of cells undergoing fusion determined by flow cytometry. Mutant cell lines that 
showed levels of fusion equivalent to WT α x β crosses (~80%) were considered functional HAP2 
constructs. (A) Diagrams of truncations / mutations to the ectodomain.  The region in and 
around the predicted fusion loop is expanded, and amino acids targeted for mutations are 
highlighted in black, while those deleted in the fusion loop truncation are shown in bold, black, 
italicized lettering. (B) Diagrams of truncations / mutations to the cytosolic domain.  The region 
in and around the poly-basic stretch (underlined) is expanded, and the potentially palmitoylated 
cysteine residues targeted for mutations are highlighted in black.  The numbers in (A) and (B) 
refer to the numerical positions and/or range of truncated amino acids relative to the full-length 
HAP2 protein sequence. Abbreviations are: SP = signal peptide; DENV = Phyre2-predicted 
Dengue Virus envelope protein region of homology; FL = fusion loop; H/G = HAP2/GCS1 
domain; TM = transmembrane domain; B = poly-basic domain; HA = influenza hemagglutinin 
epitope tag; FLAG-10xHis = epitope tag.  (C, D) Bar charts showing the mean percentage +/- 
s.d. of exconjugant cells in the mid-fluorescence gate (cells that had undergone fusion) after 
mating as determined by flow cytometry.  Circles represent fusion data from individual matings 
16 h after mixing for the various constructs. A one-sided Kruskal-Wallis with Dunn’s post test 
found no significant differences between the WT α x β cross (Figure 3.2G) and the HAP2 mutant 
crosses Δ510-513, HAP2 FL Rescue, FQY131-3AAA, R164A, LNL171-3AAA, C5→S, ΔBasic 
Domain, and ΔC’ term. A modest, yet statistically significant reduction (p=0.0011) in the 
percentage of fusion was observed for C8→S mutants when compared with the WT α x β cross. 
Likewise, no significant differences were found between the WTα x ΔHAP2β cross (shown in 
Figure 3.2G) and the HAP2 mutant crosses ΔHAP2 domain, ΔDENV region, ΔFusion Loop, 
DENV FL Rescue, and CC147-8SS. Sample sizes for each cross are listed in the methods. 
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Figure 3.5 Interaction of the T. thermophila HAP2 fusion peptide with model membranes. 
(A) Amino acid sequences of synthetic peptides for the predicted T. thermophila HAP2 fusion 
loop (HAP2), the wild type Dengue Virus fusion loop (DENV WT), a mutant version of the DENV 
peptide (DENV W101A), the wild type Influenza virus fusion peptide (Influenza WT), and a 
mutant version of the Influenza fusion peptide (Influenza G1V) are shown. Amino acid 
substitutions in the mutant peptides that reduce fusogenic activity are indicated in purple letters. 
(B) Circular dichroism spectra of the DENV and predicted Tetrahymena HAP2 fusion loop 
peptides (2 μg/mL; pH 5) in the presence (thick line) or absence (thin line) of small unilamellar 
vesicles. (C) The head group (DPPTC) and (D) acyl chain (5PC) spin-labeled lipids (left), are 
shown next to their corresponding electron spin resonance (ESR) plots (right). ESR plots depict 
the order parameter (S0) of spin-labeled lipids within multilamellar liposome vesicles (y-axis) 
plotted as a function of increasing peptide to lipid ratio (x-axis). Data points and error bars 
represent the mean +/- s.d. for 2 (DENV W101A) or 3 (DENV WT and HAP2) independent 
experiments. (E) Raw data from a representative lipid mixing experiment showing R18 
fluorescence dequenching (y-axis) over time (x-axis).  Synthetic fusion peptides were added to 
a mixed population of R18-quenched and unlabeled liposomes at ~2 min, followed by Triton X-
100 at 7-8 min to establish maximum dequenching values for normalization purposes. (F) Bar 
chart showing the mean and s.d. (error bars) for normalized percent lipid mixing data from 3 
independent experiments. All measurements were made at 25˚C and membrane compositions 
consisted of POPC:POPG:Chol=5:2:3. 
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These data indicate that the respective WT fusion peptides can insert into membranes, and 

supports the idea that the T. thermophila HAP2 fusion loop participates in membrane fusion 

during mating. 

To test the fusogenic capacity of the predicted HAP2 fusion loop directly, we conducted 

lipid-mixing assays with the synthetic peptide from Tetrahymena HAP2 and known fusion 

peptides from both class I and class II viral envelope proteins. Lipid-mixing assays are based on 

the fusion-sensitive fluorescence emission of the lipophilic dye, R18, which becomes 

dequenched upon the merger of labeled and unlabeled large unilamellar vesicles (LUVs). 

Representative curves of raw data from one of three independent experiments (Figure 3.5E) 

show the increase in R18 fluorescence of LUVs between 2 and 7 min following addition of 

fusion peptide. Figure 3.5F shows the normalized aggregate results of these experiments. As 

expected, the non-fusogenic mutant peptides, DENV W101A, and G1V from the Influenza 

hemagglutinin (Figure 3.5A), promoted only low levels of lipid mixing (10% and 4%, 

respectively).  However, like the WT viral fusion peptides, the synthetic peptide from T. 

thermophila HAP2 promoted high levels of lipid mixing (32% compared to 22% for DENV WT 

and 38% for Influenza WT peptides). Taken together these data indicate that a synthetic peptide 

corresponding to the predicted fusion loop of T. thermophila HAP2 is capable of interacting 

directly with membranes, inducing membrane ordering and promoting vesicle fusion. 

 

Discussion 

Measurement of protein exchange across the conjugation junction by flow cytometry 

offered a useful method to assay pore formation in mating cultures of T. thermophila, and to 

rapidly probe the functional role of individual amino acids and peptide motifs within the 

Tetrahymena HAP2 protein. Using this assay, we found that large alterations to the cytosolic 

domain had little to no effect on membrane pore formation in the Tetrahymena system.  While 

this conflicts somewhat with data from other systems[14–16] it may suggest that the sequence 
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requirements in this region of the protein differ in different organisms.  By contrast, we found 

that alterations to the ectodomain had significant effects on the ability of mating T. thermophila 

to form fusion pores. Template-based structural prediction modeling indicated that this region of 

the protein has an extended shape with three, largely β-sheet-containing folds along with a 

predicted fusion loop that are highly reminiscent of class II viral fusion proteins (Figure 3.3B-D). 

A similar topology extends to HAP2 orthologs from a wide array of other species (Figure 3.3E, 

Table S-3.5) and has now been validated by X-ray crystallography of the C. reinhardtii HAP2 

ectodomain (Fedry et al., submitted). Together with the functional data described here, these 

studies provide overwhelming evidence that HAP2 is a bona fide membrane fusogen. 

Current findings suggest two primary mechanisms by which HAP2 could drive gamete 

fusion, one used by class II viral fusogens for the invasion of host cells, and the other utilized by 

the structurally related developmental fusogen, EFF-1, to mediate syncytia formation in embryos 

and larvae of the nematode worm Caenorhabditis elegans[38, 39].  In the first case, the low pH 

of the endosomal compartment triggers exposure and insertion of a hydrophobic fusion loop into 

the outer leaflet of endosomal membranes[26].  Trimerization and structural rearrangements of 

the protein then draw apposed cellular and viral membranes into close proximity allowing fusion 

to occur[25, 40]. The developmental fusogen, EFF-1, on the other hand, lacks an obvious fusion 

peptide, and while adopting the same overall 3D fold as class II viral fusogens, is thought to rely 

primarily on conformational changes following trans-trimerization of monomers on apposed 

membranes to drive cell-cell fusion[38]. Consequently, while class II viral fusogens are initially 

present on only one membrane, EFF-1 is required on the surfaces of both apposed membranes 

in order to mediate lipid mixing[41]. With respect to these mechanisms, HAP2 appears sufficient 

to catalyze membrane fusion when present on only one membrane (i.e. on male gametes) in 

sexually dichotomous species. Furthermore, in the case of T. thermophila (which expresses 

HAP2 in all mating types), fusion can still occur, albeit at reduced levels, when the protein is 

expressed in only one cell of a mating pair (Figure 3.2D,G).  Perhaps more importantly, it now 
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appears that HAP2 orthologs contain functional fusion loops. As shown here, membrane pore 

formation in mating T. thermophila is blocked when the predicted fusion loop is deleted from the 

native protein (Figure 3.4C) and a synthetic peptide corresponding to this region of 

Tetrahymena HAP2 can interact directly with model membranes and mediate lipid mixing to the 

same extent as viral fusion peptides (Figure 3.5C-F).  

While the current data argue that HAP2 and the class II viral proteins act by similar 

mechanisms, the reduced levels of fusion observed when T. thermophila HAP2 is expressed in 

only one cell of a mating pair opens the possibility that these cells utilize a hybrid mechanism 

involving both insertion of a fusion loop (as in the case of the viral proteins) and trans-

interactions between HAP2 on apposed membranes (as has been proposed for EFF-1) to bring 

about efficient membrane mixing. A more complete understanding of the mechanisms 

underlying HAP2-mediated membrane fusion would clearly benefit from alternative approaches 

used previously to dissect class II protein function, in particular, fusion assays with pseudotyped 

viruses and/or cultured cells expressing recombinant forms of the protein[25, 42]. T. thermophila 

HAP2 can be efficiently expressed in mammalian tissue culture cells and incorporated into 

retroviral pseudotyped particles (Figure S-3.7). Nevertheless, the Tetrahymena protein failed to 

mediate entry of pseudotyped virus particles, and while the results with mammalian tissue 

culture cells was intriguing  (Figure S-3.7), additional studies will be required to demonstrate this 

more convincingly and identify the specific environmental factors necessary for triggering fusion 

events.  

Regardless of the precise mechanism underlying HAP2-mediated membrane fusion, the 

evolutionary relationship between HAP2 and class II viral proteins is clearly interesting. While it 

is possible these proteins arose through convergent evolution, the overall topologies and near 

identical folding patterns of HAP2 and class II viral fusogens (Fedry et al., submitted) makes this 

improbable[38]. The alternative hypothesis, namely, that they evolved from a common ancestor 

is certainly more plausible but leaves open the question of which came first.  Recent evidence 
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that similar class II structures are present in phylogenetically distinct virus families has 

suggested that the coding elements for these proteins arose independently in different viral 

lineages through the capture of a cellular gene encoding either a developmental fusogen with 

class II structure, or a bygone viral fusogen piggybacking in the host genome[24, 43–47]. HAP2, 

on the other hand, is present within the basal lineages of all major branches of the eukaryotic 

tree of life and likely dates to the last common ancestor of all eukaryotes. This would make it the 

oldest class II fusogen that we know of and thus a strong candidate as the ancestral fusogen 

from which other class II proteins evolved. At the same time, the existence of viruses pre-dates 

the evolution of eukaryotic sex[48–50], and it is equally plausible that HAP2 originated with a 

virus, was exapted for use in gamete cell fusion early in the course of eukaryotic evolution, and 

perhaps then reacquired by modern viruses.  Invasion of eukaryotic genomes by viruses is 

widespread[43, 45, 47], and there is clear evidence that genes for viral fusogens have taken on 

new functions in the case of mammalian syncytins, which are of retroviral origin, and promote 

cell-cell fusion during placentation in diverse species[51, 52]. While their evolutionary 

relationship is less clear, eukaryotic SNAREs and class I viral fusogens also appear to be 

structurally related, and may offer yet another example of the repurposing of viral fusion 

proteins[46, 53, 54].   

The strict requirement for cell-cell fusion in sexual reproduction combined with the 

ancient lineage of HAP2 and its role in fertility in a broad range of taxa, argues persuasively for 

the involvement of this protein in the origin of eukaryotic sex[55, 56]. This argument becomes all 

the more interesting if HAP2 arose from a virus or related parasitic DNA element such as a 

transposon.  First, it would suggest that a key step (if not the key step) in fertilization was made 

possible by a virus.  Absent that step, sex, and the diversity of life that it spawned (including 

man), may never have evolved.  Second, a role for parasitic DNA in the origin of eukaryotic sex 

has long been argued.  As proposed originally by Donal Hickey, sex may have arisen as a 

byproduct of selective pressure on some hypothetical fragment of selfish DNA to spread 
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horizontally from cell to cell, thus favoring its survival[57, 58].  An endogenous viral element or 

related fragment of parasitic DNA could do this by attaining the capacity to promote cell-cell 

fusion.  Theoretically this could have occurred through natural selection on a given DNA 

element (for example, by evolving a coding sequence for a membrane fusogen), or more simply, 

through the capture of a gene for a viral fusogen following the infection of some early eukaryotic 

cell.  In either case, the acquisition of such a coding sequence would have served as the 

starting point for additional evolutionary tinkering to deal with the consequences of fusion, 

leading eventually to the emergence of karyogamy, meiosis, recombination, and all the modern 

manifestations of eukaryotic sex[56].    

While HAP2 is deeply rooted in the eukaryotic tree of life, a number of taxonomic 

lineages, including vertebrates and fungi, lack HAP2 orthologs.  Such sexual species have 

clearly found an alternative means to accomplish gamete membrane fusion, but whether they 

use novel proteins, or variants of currently known fusion proteins remains to be determined.  To 

begin to address this question, we have probed mammalian genomes with appropriate search 

engines, such as BackPhyre[20], and identified open reading frames predicted to encode 

elements of the class II fusogen fold.  Moving forward, it will be interesting to determine whether 

such sequences are the remnants of viral genes for class II proteins[43], specify novel cellular 

proteins that catalyze membrane fusion events (perhaps even replacing HAP2), or represent 

instances in which the class II fold has taken on entirely new functions. 
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Materials and methods 

Tetrahymena strains and culture conditions.  Tetrahymena thermophila strains were 

obtained from the Tetrahymena Stock Center, Cornell University 

(https://tetrahymena.vet.cornell.edu/). All established and newly created cell lines are described 

in Table S-3.1. For routine growth, cells were incubated at 30˚C in NEFF medium (0.25% 

proteose peptone, 0.25% yeast extract, 0.5% glucose, 33.3 µM FeCl3) on a platform shaker at 

~100 rpm. For mating studies, log phase cells of complementary mating types were starved in 

10 mM Tris buffer (pH 7.5) for up to 48 h, then mixed in equal numbers to a final concentration 

of 2 × 105 cells/mL at 30˚C. For somatic (macronuclear) transformation, target cells were grown 

to late log phase (~1 × 106 cells/mL) in NEFF medium and starved overnight in 10 mM Tris 

buffer (pH 7.5) for 24 h at ~2 × 105 cells/mL prior to biolistic transformation and drug selection 

(see below, T. thermophila strain construction). 

T. thermophila strain construction.  Cell lines used for the creation of HAP2 mutations / 

truncations at the endogenous T. thermophila HAP2 gene locus are designated ΔHAP2-428 

clone 5 and ΔHAP2-427 clone 6 and are derivatives of the heterokaryon strains CU428.2 and 

CU427.4[59]. These strains express complementary mating types (VII and VI respectively) and 

lack the entire HAP2 coding sequence in the macronucleus[8]. Relevant gene constructs were 

introduced into the knockout cell lines using a gene-gun (see below) and stable drug-resistant 

transformants were selected by growth in cycloheximide following homologous recombination at 

the HAP2 locus (Table S-3.1).  

Mutant HAP2 gene constructs were prepared using either overlap PCR, or in some 

cases, site-directed mutagenesis with a Q5Ⓡ Site-Directed Mutagenesis kit (New England 

BioLabs). A full list of PCR primers and their use in gene construction is provided in Table S-3.2. 

In all cases, epitope tags (either HA or Flag-His) were added to the 3’ ends of the HAP2 cDNA 

constructs by PCR to permit localization of the recombinant gene products. All PCR reactions 

https://tetrahymena.vet.cornell.edu/
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were carried out with Phusion High-Fidelity Taq DNA Polymerase (ThermoFisher). HAP2 PCR 

products were gel purified and cloned into a previously constructed pCR™4Blunt-TOPO® 

plasmid vector backbone (ThermoFisher), which had been modified to contain ~1000 bp of 5’ 

and 3’ flanking sequences from the T. thermophila HAP2 gene[8]. BamHI and KpnI restriction 

sites situated between the HAP2 5’ and 3’ flanks were used for directional cloning of coding 

sequences for the mutated/truncated HAP2 gene products[8]. The modified vector also 

contained a pHrpl29-B cycloheximide resistance cassette within the 3’ flanking sequence 387 

bp downstream of the KpnI restriction site. Purified HAP2 PCR fragments and vector DNA were 

digested with BamHI and KpnI and ligated with T4 DNA ligase (New England BioLabs,) prior to 

transformation and amplification in E. cloni 10G competent cells (Lucigen). After transformation, 

all plasmid DNA HAP2 sequences were verified by sequencing (Cornell Biotechnology 

Resource Center) to confirm correct gene construction. 

For transformation into T. thermophila, plasmid DNA harboring relevant inserts was 

purified, linearized by digestion with EcoRI, and introduced into the macronucleus of ΔHAP2 

parental strains via biolistic bombardment[60] using a PDS-1000/He Biolistic Particle Delivery 

System (Bio-Rad). Positive transformants were selected in NEFF medium containing 25 µg/mL 

cycloheximide, and supplemented with 1.25 µg/mL Fungizone, 250 µg/mL Streptomycin, and 

250 µg/mL Penicillin G. Transformed clones were then pushed to complete macronuclear 

replacement for the target construct via growth in NEFF medium containing increasing 

concentrations of cycloheximide (up to 50 µg/mL). Genomic DNA was extracted with 

phenol:chloroform:iso-Amyl alcohol (25:24:1, VWR), PCR amplified and the resulting products 

analyzed by agarose gel electrophoresis and, in some cases, sequencing. 

In addition to creating strains in which mutant gene constructs were targeted to the 

endogenous HAP2 locus, a cell line that over-expresses HAP2 transcripts in an otherwise wild 

type HAP2 background was generated using the stable, high-copy ribosomal DNA vector 

pTRAS (Tetragenetics). For this strain, a full-length HAP2 cDNA was amplified with the primer 
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pair Hap2BamH1for/GSP2Kpn1rev (Table S-3.2). The resulting PCR product was then digested 

with BamHI and KpnI, gel purified, and ligated to a KpnI-digested fragment of synthetic DNA 

containing the following multi-sequence tag: KpnI restriction site; PreScission S protease 

cleavage sequence; Streptavidin Binding Peptide sequence; and, 6× His tag. The ligation 

product was then purified and subjected to PCR for the further addition of a 3’ HA tag and SacI 

restriction site using the primer pairs BamHIHAP2for/HA-tag Rev (Table S-3.2). This PCR 

product was gel purified and restricted with BamHI and SacI for ligation into the shuttle vector 

pTIEV4 (Tetragenetics). The HAP2-tags-pTIEV4 plasmid was amplified in E. cloni 10G 

(Lucigen), purified, and then cut at a unique Not I site. The insert was then sub-cloned into 

pTRAS, downstream of a cadmium-inducible promoter from the MTT1 gene of T. thermophila 

[61]. Finally, the recombinant vector was biolistically transformed into 8-10 h mating cultures of 

Tetrahymena strains CU428 x B2086 as described above. Macronuclear transformants were 

selected by growth in NEFF medium containing increasing concentrations of paromomycin (up 

to 800 µg/mL) and then frozen in liquid nitrogen[62]. 

Flow cytometry assays for cell-cell fusion.  Complementary mating types of T. thermophila 

were grown and placed in starvation medium (10 mM Tris buffer, pH 7.5) for 24 h to ensure all 

cells had completed asexual division and were arrested at the G1 stage[63]. Cells were then 

washed once by centrifugation at 400 × g and resuspended in 0.1 × PBS prior to labeling. All 

labeling reactions and centrifugation steps were carried out in 15 mL glass conical tubes. One 

mL of 0.1 × PBS containing 7 × 106 cells was combined with 1 mL of the same buffer containing 

either 20 µM CFSE (Affymetrix eBioscience) or 10 µM CTFR (Life Technologies), and then 

incubated in the dark for 5 min at room temperature (RT), or 15 min at 30˚C for CFSE and 

CTFR, respectively. Ten mL of NEFF media was then immediately added to quench excess 

unbound label, and cells were washed and resuspended in 10 mL of 10 mM Tris (pH 7.5). Cells 

were maintained overnight in the dark at 30˚C, and the following day, washed again (10 mL of 

10 mM Tris) and counted. Equal numbers of cells of each mating type were then combined in 
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100 mm × 10 mm petri dishes (0.5–2 × 106 total cells/dish), and allowed to mate for 16-20 h at 

30˚C in a darkened incubator. Following mating, exconjugant cells were centrifuged (350-400 × 

g) and fixed with IC Fixation buffer (Affymetrix eBioscience) in the dark for 20 min at RT, then 

resuspended in 1 × PBS containing 0.3% BSA prior to acquisition on a BD FACSCantoTM II Flow 

Cytometer. 

For each mating reaction a minimum of 30,000 events were acquired. Data were 

analyzed using FlowJo software (FlowJo LLC). Unmated, single-labeled control cell cultures 

were fixed at the same time as mating cultures and subjected to flow cytometry as above. 

Labeled populations from the unmated cultures served as guides for drawing gates around 

double-labeled populations from experimental mating cultures. The starved unmated 

populations were also used to estimate fluorescence loss due to “co-stimulation” (Figure 3.2) 

after it became clear these populations had higher fluorescence intensity than the parallel, 

single-labeled populations in mating cultures. Bar charts displaying the frequency of “Mid”-

fluorescence events (percent of cells that had undergone fusion) in each cross were generated 

using Prism Software (GraphPad Inc.). 

Measurement of cell-cell pairing and membrane fusion kinetics.  Complementary mating 

types of T. thermophila were labeled and mixed together to initiate mating as described above. 

Samples from the mating cultures were then collected and fixed at the indicated time points 

within the first 4 h after mixing. Cells were observed under phase and fluorescence optics to 

determine the percent of cells in pairs (% pairing), as well as the percentage of pairs that had 

visibly exchanged fluorescent content (% fusion). For % pairing, at least 100 “subjects” (pairs or 

single cells) were counted for each time point and the percentage calculated as the number of 

cells in pairs over the total number of cells counted multiplied by 100. For % fusion, at least 50 

pairs were counted for each time point with their fusion status determined based on visual 

detection of fluorescent tracer in only one (not fused) versus both (fused) cells of a mating pair. 

The % fusion was calculated as the number of pairs fused over the total number of pairs 
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counted multiplied by 100. It should be noted that at the earliest time points (≤1 h) there were 

fewer than 50 pairs available to count and so measurements of fusion at these times were less 

robust. Cell counts, as well as the fluorescence micrographs shown in Figure 3.1, were obtained 

using a Zeiss Axio Imager M1 microscope equipped with an AxioCamMR3 camera. Prism 

software was used to generate scatter plots showing the kinetics of cellular pairing/fusion over 

time. 

Template-based structural homology modeling.  Initial protein homology modeling studies 

were conducted in 2013 using the Protein Homology/analogY Recognition Engine V2.0 (Phyre2) 

and the full-length amino acid sequence of T. thermophila HAP2 (accession number: KJ629172) 

as query. Phyre2 uses advanced remote homology detection algorithms involving alignments of 

amino acid sequences and predicted secondary structures to identify template hits within a 

hidden Markov model database of known structures. The identified top-scoring hits help form an 

alignment for the construction of a crude backbone structure while loop modeling and side chain 

placement are subsequently applied to finalize the predicted structure[20]. Follow-up Phyre2 

searches were carried out between 2014-2016 after other relevant class II structures were 

published (e.g. EFF-1), but yielded equivalent results. A Phyre batch processing query using 40 

published[15] HAP2 sequences was submitted in June 2015 (accession numbers of sequences 

listed in Table S-3.5). Results yielded the top 20 ranked hits to known structures for each 

species’ version of HAP2, as well as a confidence level for the prediction, a structural ID and 

template name, query start/stop sites of the aligned sequence, and a predicted structure of each 

ortholog based on the top ranking template hit. A partial list summarizing the top three ranking 

hits from both viral and non-viral template structures is shown in Table S-3.5, as well as a list of 

the top viral hits in Figure 3.3E. 

Submission of the T. thermophila HAP2 sequence to the RaptorX[21,64], 

CPHmodels3.0[22] and HHpred[65] (Figure S-3.4C) template-based homology modelers 

occurred between 2015-2016. Images of predicted structural models were generated using 
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PyMol (Schrodinger, LLC). In all cases, domains I, II, and III were shaded red, yellow, and blue 

according to the boundary locations for these domains inferred from the generated alignments 

of T. thermophila HAP2 and known class II fusion protein structures. 

Lipids and peptides used for biophysical studies.  The lipids POPC, POPG, the chain spin 

label, 5PC, and the head group spin label, dipalmitoylphosphatidyl-tempo-choline (DPPTC), 

were purchased from Avanti® Polar Lipids. Cholesterol was purchased from Sigma. HAP2 and 

Dengue virus fusion peptides were synthesized by ChinaPeptides Co., Ltd., and the Influenza 

fusion peptides by SynBioSci Co. The sequences of wild type and mutant peptides, along with 

the structures of the spin labeled lipids are shown in Figure 3.5A,C,D. 

Preparation of membrane vesicles.   The volumes of POPC, POPG, cholesterol and 0.5% 

(mol:mol) spin-labeled lipids in chloroform were mixed according to a 5:2:3 vol:vol ratio of 

POPC:POPG:Chol and dried by N2 flow. The mixture was evacuated in a vacuum drier 

overnight to remove any trace of chloroform. To prepare multilamellar vesicles (MLVs), the lipids 

were resuspended and fully hydrated using 1 mL of pH 5 buffer (5 mM HEPES, 10 mM MES, 

150 mM NaCl, pH 5) at room temperature for 2 h. To prepare small unilamellar vesicles (SUVs), 

the lipids were resuspended in pH 5 buffer and sonicated in ice bath for 20 min. To prepare 

large unilamellar vesicles (LUVs), the lipids were frozen and thawed 5 times before they were 

extruded in an Avanti extruder through a membrane with 100 nm pore size. 

Electron spin resonance (ESR) spectroscopy and nonlinear least-squares fit of ESR 

spectra.  To prepare the samples for lipid ESR study, a stock solution of the Fusion Peptide 

(FP) (1 mg/mL) was added to the lipid POPC:POPG:Chol=5:2:3 MLV dispersion (above) at the 

experimentally indicated ratios. After 20 min of incubation, the dispersion was centrifuged at 

13,000 rpm for 10 min. The pellet was transferred to a quartz capillary tube for ESR 

measurement. ESR spectra were collected on an ELEXSYS ESR spectrometer (Bruker 

Instruments) at X-band (9.5 GHz) at 25˚C using a N2 Temperature Controller (Bruker 

Instruments). The ESR spectra from the labeled lipids were analyzed using the NLLS fitting 
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program based on the stochastic Liouville equation[66] using the MOMD (Microscopic Order 

Macroscopic Disorder) model as in previous studies[31,67–69]. The fitting strategy is the same 

as previously reported[33]. S0 is defined as follows: S0=<D2,00>=<1/2(3cos2θ-1)>, where D2,00 is 

the Wigner rotation matrix elements and θ is the polar angle for the orientation of the rotating 

axes of the nitroxide bonded to the lipid relative to the director of the bilayer, i.e. the preferential 

orientation of lipid molecules[67,70], and the angular brackets imply ensemble averaging. S0 

indicates how well the chain segment to which the nitroxide is attached, is aligned along the 

normal to the lipid bilayer[33]. 

Circular dichroism spectroscopy (CD).  Fusion peptides (0.2 mg/mL in pH 5 solution) were 

mixed with SUVs composed of POPC:POPG:Chol=5:2:3 at a ratio of 1:100 peptide:lipid at room 

temperature for 10 min before measurement. The CD spectra were collected at 25˚C on an 

AVIV Model 202-01 Circular Dichroism Spectrometer (AVIV biomedical Inc.). The signals from 

pure SUVs or pure solution were subtracted from the sample spectra as blanks. The CD spectra 

were analyzed using K2D3[71]. 

Fluorescence dequenching assays.  The protocol for fluorescence dequenching assays to 

monitor vesicle fusion was adopted from a previous study[72]. Fluorescently labeled LUVs (2.5 

μM, final concentration) containing 2% Octadecyl Rhodamine B chloride (R18, Molecular Probe, 

ThermoFisher Scientific) and unlabeled LUV (22.5 μM, final concentration) were mixed in 1 mL 

of pH 5 buffer. Fusion peptides were then added from concentrated stock solutions to give a 1 

µM final concentration of each peptide. 10% Triton X-100 was added to achieve a 1% final 

concentration after fusion reactions were complete. The fluorescence spectra were collected on 

a Varian Cary Eclipse Fluorescence Spectrometer (Agilent Technologies). Fluorescence 

intensities of the samples before addition of fusion peptides and after the addition of Triton X-

100 were used to set the baseline (0%) and 100% fusion levels, respectively. The fluorescence 

yields of the experimental samples were normalized to these levels to determine % lipid 
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mixing[73]. Fluorescence intensity variations due to volume changes were corrected in each 

case. All experiments were performed at least 3 times and representative curves are shown. 

Statistical information.  All statistical tests were performed using Prism 7 software (GraphPad 

Inc.). Sample sizes for the functional analyses of HAP2 mutant strains by flow cytometry 

(Figures 3.2G and 3.4B,D) are listed in parentheses below with the total number of biological 

replicates over all experiments (that is, total number of individual matings performed) listed first, 

followed by the total number of independent experiments performed for each cross:  WT α x β(42, 

17); ΔHAP2 α x β(20, 8); WT β x ΔHAP2α (31,10); WTα x ΔHAP2β (26,10); Genomic β x WTα (4, 2); 

Genomic β x ΔHAP2α (5, 3); cDNA β x WTα(5, 4); ΔHAP2 domain (6, 5); ΔDENV region (5, 4); 

ΔFusion Loop(10, 5); DENV FL Rescue (12, 3); Δ510-513 (7, 3); HAP2 FL Rescue (6, 3); 

FQY131-3AAA (8, 3); CC147-8SS (16, 4); R164A (9, 3); LNL171-3AAA (9, 3); C5→S (4, 3); 

C8→S (13, 5);  ΔBasic Domain (10, 3); ΔC’term (9, 3). No pre-determined power analyses were 

performed for calculating sample sizes. The criterion for including any given cross in cell fusion 

analysis was a pairing frequency of >60% in mating cultures 3 h post mixing. No randomization 

was applied to samples and the investigators were not blinded to sample identity during the 

experiments. 

A one-sided non-parametric Kruskal Wallis test with Dunn’s multiple comparisons post-

test was applied to the cellular fusion data because not all data sets passed the D’Agostino-

Pearson Omnibus normality test. Associated P values and standard deviations (as 

measurements of variance) are shown in the text, figures, and figure legends. From these tests, 

there was a significant difference found in the percent fusion for data from the 8 different 

crosses in Figure 3.2G (H7= 116.3, P<0.0001). For Figure 3.4C, a significant difference was also 

found in comparisons to either data from WTα x β or WTα x KOβ crosses respectively (H11=123.2 

and H10=85.78, and P<0.0001). Similarly, when the groups shown in Figure 3.4D were 

compared to data from WTα x β and WTα x KOβ crosses respectively, significant differences were 

also found (H4=14.92, P=0.0049 and H4=48.17, and P<0.0001).  
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Data availability.  All relevant data are available from the authors. Specifically, HAP2 mutant 

cell lines have been deposited in the Tetrahymena Stock Center at Cornell University and are 

available for use by the community at-large. GenBank Accession numbers to relevant 

sequences used in this study are shown in Table S-3.5. The entire Phyre batch processing data 

set in its raw form along with the corresponding Phyre2-predicted structures and homology 

models from other template-based prediction tools will be made available upon request to the 

corresponding author. 
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 Table S-3.1 Tetrahymena thermophila strains. 
 

Straina Genotype (micronucleus) Genotype; Phenotype 
(macronucleus) 

CU428.2 CHX1/CHX1; mpr1‐1/mpr1‐1 MPR1, CHX1; mp‐s, cy‐s, VII 

CU427.4 chx1‐1/chx1‐1;MPR1/MPR1 MPR1, CHX1; mp‐s, cy‐s, VI 

ΔHAP2-428 CHX1/CHX1; mpr1‐1/mpr1‐1 MPR1,CHX1,hap2‐1[Δ::neo4]; mp‐s, 
cy-s, pm-r, VII 

ΔHAP2‐427 chx1‐1/chx1‐1; MPR1/MPR1 MPR1,CHX1, hap2-1[Δ::neo4]; mp‐s, 
cy-s, pm‐r, VI 

HAP2cDNAResc427 chx1-1/chx1‐1; MPR1/MPR1 
MPR1,CHX1, hap2-
1[Δ::neo4/hap2cDNA 
(3’cy2)]; mp‐s, pm‐r, cy‐r, VI 

HAP2genomicResc427 chx1‐1/chx1‐1; MPR1/MPR1 MPR1,CHX1, hap2-1[Δ::neo4/hap2-3 
(3’cy2)]; mp‐s, pm‐r, cy‐r, VI 

^∆HAP2 Domain chx1-1/chx1-1; MPR1/MPR1 MPR1,CHX1, hap2-1[∆::neo4/hap2-
N2(3’cy2)]; mp-s, pm-r, cy-r, VI 

^∆DENV Region chx1-1/chx1-1; MPR1/MPR1 MPR1,CHX1, hap2-1[∆::neo4/hap2-
N3(3’cy2)]; mp-s, pm-r, cy-r, VI 

^∆Fusion Loop chx1-1/chx1-1; MPR1/MPR1 MPR1,CHX1, hap2-1[∆::neo4/hap2-
N5(3’cy2)]; mp-s, pm-r, cy-r, VI 

^DENV FL Rescue chx1-1/chx1-1; MPR1/MPR1 MPR1,CHX1, hap2-1[∆::neo4/hap2-
N4(3’cy2)]; mp-s, pm-r, cy-r, VI 

^∆510-513 chx1-1/chx1-1; MPR1/MPR1 MPR1,CHX1, hap2-1[∆::neo4/hap2-
N6(3’cy2)]; mp-s, pm-r, cy-r, VI 

^HAP2 FL Rescue chx1-1/chx1-1; MPR1/MPR1 MPR1,CHX1, hap2-1[∆::neo4/hap2-
N5R(3’cy2)]; mp-s, pm-r, cy-r, VI 

^FQY131-3AAA chx1-1/chx1-1; MPR1/MPR1 MPR1,CHX1, hap2-1[∆::neo4/hap2-
N71(3’cy2)]; mp-s, pm-r, cy-r, VI 

^CC-147-8SS chx1-1/chx1-1; MPR1/MPR1 MPR1,CHX1, hap2-1[∆::neo4/hap2-
N72(3’cy2)]; mp-s, pm-r, cy-r, VI 

^R164A chx1-1/chx1-1; MPR1/MPR1 MPR1,CHX1, hap2-1[∆::neo4/hap2-
N73(3’cy2)]; mp-s, pm-r, cy-r, VI 

^LNL171-173AAA chx1-1/chx1-1; MPR1/MPR1 MPR1,CHX1, hap2-1[∆::neo4/hap2-
N74(3’cy2)]; mp-s, pm-r, cy-r, VI 

^C5S chx1-1/chx1-1; MPR1/MPR1 MPR1,CHX1, hap2-1[∆::neo4/hap2-
C3(3’cy2)]; mp-s, pm-r, cy-r, VI 

^C8S chx1-1/chx1-1; MPR1/MPR1 MPR1,CHX1, hap2-1[∆::neo4/hap2-
C5(3’cy2)]; mp-s, pm-r, cy-r, VI 

^∆Basic Domain chx1-1/chx1-1; MPR1/MPR1 MPR1,CHX1, hap2-1[∆::neo4/hap2-
C2(3’cy2)]; mp-s, pm-r, cy-r, VI 

^∆C’ term chx1-1/chx1-1; MPR1/MPR1 MPR1,CHX1, hap2-1[∆::neo4/hap2-
C1(3’cy2)]; mp-s, pm-r, cy-r, VI 

 
aCU428.2 and CU427.4 are functional heterokaryons that are phenotypically sensitive (s) to 6-
methylpurine (mp) and cycloheximide (cy), respectively, due to markers in the macronucleus, 
and homozygous for resistance (r) to 6-methylpurine (CU428.2) or cycloheximide (CU427.4) in 
the micronucleus. The listed cell lines were generated from inbred B strains of T. thermophila.  
Strains marked with a ^ were created during the course of this project and were made by 
introducing mutant constructs into the ∆HAP2-427 cell line. 
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Table S-3.2 PCR Primers. 
 

Primer Namea Sequence 5’ → 3’ Strain Useb 

BamHIHap2For GATTACggatccATGAAATTTTTGGCTTTTGG All Truncation 
Mutants 

TtFLHap2HAKpnIR 
TAGTACggtaccTCAAGCATAATCAGGAACAT
CATAAGGATATTCAATTAGTAGATAGAGAG
GAGATGTTG 

For adding HAP2 
C’term HA tag 

LongFLAGHISHap2r
ev 

AATCGGTACCTCAGTGGTGATGGTGGTGG
TGGTGGTGATGGTGTTTATCGTCGTCGTCT
TTATAATCACGCGTTTCAATTAGTAGATAGA
GAGGAGATG 

C5S, C8S 

C1Hap2HAKpnIR GTACggtaccTCAAGCATAATCAGGAACATCA
TAAGGATAGCAACAGCAACAGCAAAG ∆C’term 

C2HyHAP2for CTTTGCTGTTGCTGTTGCTCAATTTAAGAAA
GTTGCAGTTATGA ∆Basic Domain 

C2HyHAP2rev TCATAACTGCAACTTTCTTAAATTGAGCAAC
AGCAACAGCAAAG ∆Basic Domain 

C3HyHAP2for GGTTTCTTTCTTCTTCTTCTTCTAAATCTAA
GAAAAAGGAAAATGAAAAAAATAAAG C5S 

C3HyHAP2rev TCTTAGATTTAGAAGAAGAAGAAGAAAGAA
ACCGAATAATAGGGACTAAATAC C5S 

C5HyHAP2for GAAAGTTCTAGTTATGATAGATCGTCTTCTT
CACATTCAATATCATAGTCATATTAGG C8S 

C5HyHAP2rev GAATGTGAAGAAGACGATCTATCATAACTA
GAACTTTCTTAAATTGATTTTTTATCTG C8S 

N2hyHAP2for TCTTTAAGGGATAAGTTCTTGGAGTGATCT
CATTCTTTTATCATAAAAT ∆HAP2 Domain 

N2hyHAP2rev ATTTTATGATAAAAGAATGAGATCACTCCAA
GAACTTATCCCTTAAAGA ∆HAP2 Domain 

N3HYHAP2for GGTTACTAAATCTCCAGTGACTGCTATGTT
TGTTGACAAAACCATG ∆DENV Region 

N3hyHAP2rev CATGGTTTTGTCAACAAACATAGCAGTCAC
TGGAGATTTAGTAACC ∆DENV Region 

N4HYHAP2for  TAATGGTTGTGGTTTATTTGGTAAAGGTTCT
TTAGCTCACTGCCTAAAATTCAGTC DENV FL Rescue 

N4hyHAP2rev CCAAATAAACCACAACCATTACCCCAACCT
CTATCAACAGAGCAATAGCAGCAATAACC DENV FL Rescue 

N5HYHAP2for GGTTATTGCTGCTATTGCTCTGCTCACTGC
CTAAAATTCAGTC ∆Fusion Loop 

N5hyHAP2rev GACTGAATTTTAGGCAGTGAGCAGAGCAAT
AGCAGCAATAACC ∆Fusion Loop 

N5RHyHAP2for1 GTGCTATGCTCTAAATCTTGGTGCAGGATC
AGCAACAGCTCACTGCCTAAAATTCAGTC HAP2 FL Rescue 

N5RHyHAP2for2 ATTAGGCATGGGTAATGATCTATCAAGAGG
TAAAGTGTGCTATGCTCTAAATCTTGGTG HAP2 FL Rescue 

N5RhyHAP2rev CTTGATAGATCATTACCCATGCCTAATATAT
CTGATAGAGAGCAATAGCAGCAATAACC HAP2 FL Rescue 

N6HyHAP2for GGAAATAACACAGGCTAGTAATAATCAAAG
TCATCCTAATCCTGCAGTG ∆510-513 

N6HyHAP2rev CACTGCAGGATTAGGATGACTTTGATTATT
ACTAGCCTGTGTTATTTCC ∆510-513 

N7_R164A_F TGATCTATCAGCTGGTAAAGTGTGCTATGC R164A 
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N7_R164A_R TTACCCATGCCTAATATATC R164A 

N7_CC147SS_F CTAAGGTTATAGTAGTTATTGCTCTCTATCA
GATATATTAG CC147-8SS 

N7_CC147SS_R CTGTCCAAAATCTTTTAGCC CC147-8SS 

N7_FQY131AAA_F AGCTGACTCTAAAGGCTAAAAGATTTTG FQY131-3AAA 

N7_FQY131AAA_R   GCAGCTTTACAAGTTGGACTACTATC FQY131-3AAA 
N7_LNL171AAA_F AGCTGGTGCAGGATCAGCAACA LNL171-3AAA 
N7_LNL171AAA_R GCAGCAGCATAGCACACTTTACCTC LNL171-3AAA 

HAP2 5’FlankFor GTTATTTTCAGCATCTTCTTTCATTTG Genotyping  

HAP2 3’FLANK REV ATCTCTTCTGATCATAGAGCACC Genotyping  

RV3rev GACATTAAAGCAAGTTAAGCATAAATAAAG All Truncations 

Mtt1RevSeq AATACGAAACTGATTTTATGCAA Genotyping 

PreStagsForKpnI GTAATCggtaccGAAGTTTTGTTCCAAGGTCC
C 

Over-expression 
HAP2 

HistagRevSacI GATTACgagctcTCAGTGGTGGTGGTGGTGG
T 

Over-expression 
HAP2 

 
aAll primers used in this project were supplied by Sigma-Aldrich. Primers were stored as 100 μM 
stock solutions, and diluted to 10 μM working solutions prior to use in PCR reactions. Melting 
temperatures were determined using Modified Breslauer's thermodynamics, dH and dS 
parameters as recommended by the manufacturer. Added restriction sites are shown in lower 
case letters. 
 
bAll constructs made with these primers were subjected to Sanger sequencing to verify 
accuracy.
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Figure S-3.3 Over-expression of HAP2 in T. thermophila. In WT x ΔHAP2 crosses the 
kinetics of fusion, as well as the final percentage of cells capable of fusion was significantly 
reduced. To determine whether these effects were due to a reduction in the total amount of 
HAP2 expressed in a given mating pair, or its pattern of expression in only one mating partner, 
we over-expressed a full-length HA-tagged version of HAP2 cDNA in a WT partner and mated 
these cells with a ΔHAP2 knockout strain. We generated the over-expression strain by cloning 
the tagged HAP2 cDNA into a stable high-copy ribosomal DNA vector and used a robust 
cadmium-inducible promoter to drive the expression of HAP2 transcripts. Over-expressing cells 
(designated, O.E. HAP2) were induced with 0.1 μg/mL CdCl2 30 min prior to mating. (A) Bar 
chart showing the percent fusion in crosses between the O.E. HAP2 strain and either a WT or 
ΔHAP2 partner. The data for WTβ x HAP2α crosses from Fig. 2g is shown for comparison. HAP2 
over-expression had no effect on percent fusion in crosses with the WT partner, and slightly 
diminished fusion in crosses with the ΔHAP2 strain.  (B) A single experiment showing that the 
kinetics of fusion in O.E. HAP2 x ΔHAP2 cross were similar to WT x ΔHAP2 matings (see 
Figure 3.1R for comparison). To verify that HAP2 was in fact overexpressed and correctly 
localized in the O.E. strain we examined these cells by fluorescence microscopy and Western 
blotting following induction with CdCl2. (C) Fluorescence (below) and merged bright field-
fluorescence images (above) showing representative single and paired cells from an O.E. HAP2 
x WT mating culture fixed 3 h after mixing complementary mating types and immunolabled with 
anti-HA antibodies. The co-stimulated cell on the left, and the mating pair on the right showed 
expression and correct localization of the over-expressed recombinant HAP2 protein at the 
anterior tip of the co-stimulated cell, and the conjugation junction of mating cells, respectively. 
(D) A time course of recombinant HAP2 expression in unmated O.E. HAP2 cells in 10 mM Tris 
buffer induced with 0.1 μg/mL CdCl2 for 10 h as detected by Western blotting.  A strong signal 
just above the expected size of the O.E. HAP2 protein (arrow) was readily detected in cell 
lysates of the O.E. HAP2 strain beginning at ~ 1 h post induction. It is worth noting that when 
the same epitope-tagged version of the HAP2 cDNA was placed under the control of the 
endogenous promoter at the HAP2 locus, mating cultures showed signals by 
immunofluorescence microscopy (Figure S-3.6) but not by Western blotting suggesting the 
protein may be highly sensitive to degradation following cellular lysis.
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Figure S-3.4 Template-based homology modeling of HAP2.  (A) A CPHmodels3.0 generated 
partial structure of the T. thermophila HAP2 ectodomain based on the DENV template PDB ID: 
1UZG (aligned residues are 172-478). Domains follow the convention for class II viral fusogens 
and are color-coded as follows: domain I is red, domain II is yellow, and domain III is blue. (B) 
Magnified views of the locations of the tested site-directed mutations within and near the HAP2 
fusion loop shown on the Phyre2 (top, residues 107-193) and RaptorX (bottom, residues 96-
193) predicted structures and juxtaposed to a cartoon membrane. The region of the fusion loop 
that was truncated is shown in green. Site-directed mutations are shown as sticks with CC147-8 
in magenta, FQY131-3 in orange, R164 in cyan, and LNL171-3 in grey. The cysteines predicted 
to form disulfide bonds with residues 147-8 are shaded magenta (but not shown as sticks). 
Depending on loop orientation, which is difficult for template-based modelers to predict, the 
Phyre2 and RaptorX models show a second loop (containing the FQY131-3 mutation) that might 
approach the lipid bilayer. Nevertheless, alteration of the FQY motif in this loop had no affect on 
the fusogenic activity. (C) A screenshot of HHpred top hit results to the T. thermophila HAP2 
protein sequence. This was the only template-based modeling tool we tested that identified a 
homology between HAP2 and EFF-1, the developmental cell-cell fusogen from C. elegans. 
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Table S-3.5 Phyre2 batch processing results. 
 

Organism name, 
accession #a CII viral envelope hitsb  Non viral envelope hits 

Gonium pectorale,  
 
BAO57178.1 

11 (61.3%, 2OF6, WNV)                                                                                  
14 (59.4%, 3UAJ, DENV) 

1 (92.0%, 4FXK, complement c4-a)                                                               
2 (82.4%, 3BGA, beta-galactosidase)                                                                                
3 (82.3%, 1CZD, DNA POL protein g45)                                                                                              

Chlorella variabilis, 
 
XP_005851393.1 

1 (95.5%, 4B03, DENV)                                                                                     
2 (94.9%, 1UZG, DENV)                                                                                    
4 (94.7%, 1SVB, TBEV)                  

9  (89.0%, 2X41, beta-glucosidase)                                                                                    
10 (85.7%, 2E6J, papd-like domain, hydin)                                                   
11 (84.5%, 3QBT, INPP5 ocrl-1)           

 

Volvox carteri,    
 

XP_002952884.1 

5 (42.9%, 2OF6, WNV)                                                                                   
11 (23.6%, 4CBF, DENV) 

1 (58.0%, 2R39, protein from V. parhaemolyticus)                                  
2 (51.4%, 2E6J, papd-like domain, hydin)                                                 
3 (46.8%, 2RNR, TFiih  complex p62)                                                                                  

Chlamydomonas 
reinhardtii,  
ABO29824.2 

  1 (88.5%, 4FXK, complement c4-a)                                                              
2 (83.9%, 2E6J, papd-like domain, human hydin)                                                  
3 (81.4%, 1JZ8, beta-galactosidase)                                               

 

Helicosporidium sp,  
KDD77085.1 

3 (36.9%, 2OF6, WNV)                                                                                     
4 (36.9%, 4CBF, DENV) 

1 (39.7%, 2M0G, splicing factor 1)                                                                                     
5 (23.9%, 1M2s, K-channel blocking toxin bmtx3)                                                 
6 (23.0%, 4QE0, duf5043 from B. uniformis) 

Coccomyxa 
subellipsoidea, 
XP_005651045.1 

1 (90.9%, 3UAJ, DENV)                                                                                     
3 (80.9%, 2OF6, WNV)                                                                                     
6 (75.1%, 1UZG, DENV)    

4  (79.0%, 2E6J, papd-like domain, hydin)                                                
5  (76.8%, 2X41, beta-glucosidase)                                                                                   
13 (66.0%, 4FXK, complement c4-a) 

Lilium longiflorum,  
 
BAE71142.1 

1 (96.3%, 3UAJ, DENV)                                                                                    
2 (94.3%, 1OK8, DENV)                                                                                   
3 (93.3%, 1SVB, TBEV)                              

9  (84.7%, 4IID, beta-glucosidase 1)                                                                                   
11 (77.9%, 2E6J, papd-like domain, hydin)                                                       
20 (64.9%, 2L0D, m. acetivorans protein)                                      

Zea mays,             
 

NP_001307741 

8 (59.0%, 3UAJ, DENV) 1 (91.3%, 2XC8, B. subtilis spp1 phage)                                               
2 (80.7%, 2L0D, m. acetivorans protein)                                                  
3 (79.6%, 4FXK, complement c4-a)                                                                               

Arabidopsis 
thaliana,  
 

NP_192909.2 

1 (92.9%, 1URZ, TBEV)                                                                                    
2 (91.5%, 1OK8, DENV)                                                                                   
6 (89.6%, 1SVBA, TBEV) 

3 (90.0%, 2KL6, cardb domain of p. furiosus)                                                        
4 (89.8%, 1JZ8, beta-galactosidase)                                                                                   
8 (84.6%, 4FXK, complement c4-a)                                      

Cyanidioschyzon 
merolae, 
XP_005536505.1 

  1 (85.6%, 2X41, beta-glucosidase)                                                                                      
6 (69.0%, 3QIS, INPP5 ocrl-1)                                                            
9 (65.8%, 2E6J, pap-d like domain, hydin)          

Galdieria 
sulphuraria, 
XP_005708101.1 

  1 (92.7%, 1W8O, bacterial sialidase)                                                                                  
2 (89.6%, 4FXK, complement c4-a)                                                              
3 (87.4%, 3ZZ1, beta-d-glucoside glucohydrolase)                                                                                                                                         

Trypanosoma 
brucei,  
XP823296.1 

1 (96.7%, 1UZG, DENV)                                                                                   
2 (96.3%, 1SVB, TBEV)                                                                                        
5 (95.1%, 2OF6, WNV)                                           

11 (86.6%, 2X41, beta-glucosidase)                                                                                    
14 (60.6%, 2MI2, protein translocase protein tatb)                                                           
17 (56.7%, 2E6J, papd-like domain, hydin)                                        

Trypanosoma cruzi,  
 
XP_814894.1 

1 (95.1%, 3UAJ, DENV)                                                                                    
2 (92.7%, 2OF6, WNV)                                                                                     
3 (91.6%, 1SVB, TBEV) 

9  (81.7%, 1JZ8, beta-galactosidase)                                                                                 
15 (57.9%, 3QBT, INPP5 ocrl-1)                                                      
19 (45.7%, 2XC8, B. subtilis spp1 phage)         

Strigomonas culicis,  
 
EPY22600.1 

1 (91.1%, 1UZG, DENV)                                                                                   
2 (90.4%, 1SVB, TBEV)                                                                                    
3 (90.4%, 2OF6, WNV) 

5  (86.4%, 1JZ8, beta-galactosidase)                                                                                  
6  (80.7%, 2E6J, papd-like domain, hydin)                                                        
12 (60.9%, 2XC8, B. subtilis spp1 phage) 

Angomonas deanei,  
EPY38446.1 

3 (83.9%, 2OF6, WNV) 1 (88.1%, 1JZ8, beta-galactosidase)                                                                                    
2 (85.9%, 2XC8, B. subtilis spp1 phage) 

Phytomonas sp. 
Isolate EM1,     
CCW64758.1 

1 (94.9%, 1SVB, TBEV)                                                                                    
2 (93.8%, 2OF6, WNV)                                                                                     
3 (92.0%, 1UZG, DENV)             

8 (86.2%, 1JZ8, beta-galactosidase)                                                                                  
12 (73.1%, 4FCK, complement c4-a)                                                            
16 (62.3%, 2E6J, papd-like domain, human hydin)                                                                                                                                          
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Leishmania major,  
 
XP_003722443.1 

1 (93.3%, 1UZG, DENV)                                                                                   
4 (88.7%, 1SVB, TBEV)                                                                                    
5 (86.3%, 2OF6, WNV)                              

7  (81.6%, 2E6J, papd-like domain, human hydin)                                                
8  (76.5%, 2X41, beta-glucosidase)                                                                                    
11 (71.5%, 3QBT, INPP5 ocrl-1)             

Naegleria gruberi,  
 
XP_002674350.1 

1 (93.3%, 3UAJ, DENV)                                                                                    
4 (90.3%, 1SVB, TBEV)                                                                                    
6 (88.6%, 2OF6, WNV)                                       

9  (73.1%, 2KNC, integrin alpha-iib)                                                                                  
12 (66.8%, 2KL6, cardb domain of p. furiosus)                                                        
13 (61.7%, 2V5Y, tyrosine-protein phosphatase mu)                            

Physarum 
polycephalum,  
BAE71144.1 

  1 (86.3%, 1JZ8, beta-galactosidase)                                                       
2 (85.4%, 4FXK, Complement c4-a alpha chain)                                    
3 (73.3%, 2V5Y, tyrosine-protein phosphatase mu) 

Dictyostelium 
fasciculatum,  
XP_004359139.1 

19 (39.6%, 4B03, DENV) 1 (88.2%, 1JZ8, beta-galactosidase)                                                                                    
8 (59.1%, 2JE8, beta-mannosidase)                                                                                   
9 (58.4%, 2XC8, B. subtilis spp1 phage)                

Acanthamoeba 
castellanii,   
XP_004341525.1 

1 (96.1%, 3UAJ, DENV)                                                                                    
2 (95.3%, 2OF6, WNV)                                                                  
3 (94.8%, 1SVB, TBEV) 

11 (72.8%, 1JZ8, beta-galactosidase)                                                                                 
13 (67.6%, 2E6J, papd-like domain, human hydin)                                            
16 (64.8%, 2RNR, TFiih complex p62)                                                  

Theileria parva,   
 
XP_764209.1 

  1 (60.7%, 1JZ8, beta-galactosidase)                                                                                    
6 (35.1%, 3QBT, INPP5 ocrl-1)                                                           
8 (29.1%, 4FXK, complement c4-a)   

Toxoplasma gondii,  
 
EPT31063.1 

  1 (81.2%, 1JZ8, beta-galactosidase)                                                                                    
2 (73.2%, 2MI2, translocase protein tatb)                                                                           
3 (55.1%, 2VRS, capsid protein avian reovirus)                          

Plasmodium 
berghei,  
XP_676900.1 

  1 (57.9%, 1JZ8, beta-galactosidase)                                                                                     
3 (32.5%, 1A87, colicin n)                                                                                                    
8 (16.4%, 2XC8, B. subtilis spp1 phage)             

Plasmodium 
falciparum,  
XP_001347424.1 

2 (37.7%, 3J2W, CHIKV) 1 (56.2%, 1JZ8, beta-galactosidase)                                                                                    
4 (37.2%, 4FXK, complement c4-a)                                                              
5 (34.7%, 1A87, colicin n) 

Oxytricha trifallax,  
 
EJY77656.1 

  1(98.7%, 4CGK, protein PCSB from S.pneumoniae)                             
2(98.4%, 3VKG, dynein heavy chain)                                                                   
5(97.8%, 4L1B, PI3K regulatory subunit alpha)  

Tetrahymena 
thermophila,   
KJ629172 

1 (94.9%, 1UZG, DENV)                                                                                   
3 (89.7%, 2OF6, WNV)                                                                                     
7 (78.4%, 1SVB, TBEV)                      

8   (76.5%, 1JZ8, beta-galactosidase)                                                                                
10 (55.6% 4FXK, complement c4-a)                                                             
11 (52.5%, 2E6J, papd-like domain, human hydin)   

Ichthyophthirius 
multifiliis c 

1  (95.2%, 3UAJ, DENV)                                                                                   
3  (91.1%, 1SVB, TBEV)                                                                                   
9  (78.7%, 2OF6, WNV)                    

4   (84.7%, 1JZ8, beta-galactosidase)                                                                                
14 (48.2%, 2KL6, cardb domain of p. furiosus)                                                        
15 (47.4%, 2E6J, papd-like domain, human hydin)                                                 

Paramecium 
tetraurelia,  
XP_001431224.1 

1  (87.3%, 3UAJ, DENV)                                                                                   
3  (76.9%, 2OF6, WNV)                                                                                        
4  (72.9%, 1UZG, DENV)               

2  (77.3%, 2MKV, Na/K-transporting atpase)                                         
5  (72.2%, 2E6J,  papd-like domain, human hydin)                                      
7  (65.4%, 2JO1, phospholemman)                       

Capsaspora 
owczarzaki,  
XP_004343268.1 

  1 (84.7%, 2XC8, B. subtilis spp1 phage)                                               
2 (82.3%, 1JZ8, beta-galactosidase)                                                                                   
3 (82.2%, 4FXK, complement c4-a)                                                                           

Salpingoeca rosetta,  
 
XP_004989263.1 

1  (79.5%, 3UAJ, DENV)                                                                                   
5  (64.6%, 2OF6, WNV)                                                                                    
11 (51.9%, 1URZ, TBEV) 

3 (68.1%, 2PBD, phosphoprotein)                                               
4 (66.9%, 2LFT, human prion protein with e219k)                                                              
7 (60.1%,1LNZ, spo0b-associated gtp-binding protein)                     

Monosiga 
brevicollis,  
XP_001746497.1 

1 (96.2%, 1UZG, DENV)                                                                                   
2 (95.0%, 4B03, DENV)                                                                                    
3 (94.7%, 3UAJ, DENV) 

11 (63.2%, 1QK6, huwentoxin-i)                                                                                          
15 (33.8%, 2IEC, protein in m. kandleri)                                           
16 (33.0%, 2V5Y, tyrosine-protein phosphatase mu)      

Nematostella 
vectensis,  
XP_001628495.1 

1 (96.3%, 1UZG, DENV)                                                                                   
2 (95.5%, 1SVB, TBEV)                                                                                    
4 (95.0%, 2OF6, WNV)                                      

11 (78.6%, 2X41, beta-glucosidase)                                                                                    
15 (52.6%, 2E6J, papd-like domain, human hydin)                                             
16 (42.0%,  2R39, protein from V. parahaemolyticus)                                                       
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Hydra vulgaris,                          
 

ABN45755.1 

3 (73.0%, 2OF6, WNV)                                                                                     
6 (69.2%, 1UZG, DENV)  

1  (90.3%, 1JZ8, beta-galactosidase)                                                                                                                           
5  (70.7%, 2E6J, papd-like domain, human hydin)                                                         
13 (49.9%, 4AK2, heparin-binding protein)                      

Tribolium 
castaneum, 
 EFA06462.1 

1 (62.7%, 1SVB, TBEV)                                                                                  
10 (30.2%, 1UZG, DENV)    

2 (48.7%, 3MU3, chicken md-1)                                               
3 (43.4%, 4CCV, histidine-rich glycoprotein)                                                                    
4 (41.7%, 2CG7, fibronectin)                                                                         

Acyrthosiphon 
pisum,  
XP_003245993.2 

3 (36.6%, 1UZG, DENV)                                                                                   
6 (32.7%, 1SVB, TBEV)  

1 (52.4%, 2YS4,  papd-like domain, human hydin)                                                           
2 (47.1%, 1XSZ, GEF ralf)                                                                                                    
9 (27.6%, 3U6X, phage tp901-1 baseplate tripod) 

Capitella teleta, 
                                                                                                                                                   
ELU07639.1 

1 (77.6%, 1SVB, TBEV)                                                                                    
2 (75.0%, 2OF6, WNV)                                                                                     
3 (74.4%, 1UZG, DENV)                                               

7 (63.0%, 4GWM, hydrolase, promeprin beta)                                                                  
8 (53.0%, 3MU3, chicken md-1)                                               
9 (47.0%, 3DUE, periplasmic protein from B. vulgatus) 

Pediculus humanus 
corporis,  
XP_002429972.1 

  1 (87.1%, 1GM6, boar salivary lipocalin)                                                                                                                                       
2 (84.0%, 1EW3, allergen equ c1                                                        
3 (82.5%, 3MU3, chicken md-1)     

Drosophila 
melanogaster,  
NP_001034068.2 

  1 (55.8%, 1JRJ, exendin-4)                                                                                   
2 (45.1%, 1D0R, glucagon-like peptide)                                                
3( 33.8%, 2CCT, zinc finger domain of DnaJ)                                             

Saccoglossus 
kowalevskii,  
XP_006821859.1 

  1 (50.4%, 1GYG, alpha-toxin from C. perfringens)                                                                                            
2 (48.0%, 3DKB, tumor necrosis factor a20)                                            
4 (24.7%, 1TM9, protein from Mycoplasma genitalium) 

Apis mellifera,  
 
XP_006565646.1 

  1(81.1%, 3QBT, INPP5 ocrl-1)                                                        
4 (71.6%, 3MU3, chicken md-1)                             
11(50.3%, 2F61, beta-glucosidase) 

 
aThe name of HAP2 containing organisms (top) and GenBank accession numbers of their 
respective HAP2 orthologs (bottom).  The identities of HAP2 orthologs were based on the 
findings of previous studies [S1]. 
 
bThe Phyre2 hits to each HAP2 ortholog are listed as Hit Rank (Confidence%; PDB ID; name of 
protein).  The top three ranking hits (out of 20 total) to different templates in each category 
(viral/non-viral) are shown with a hit rank of 1 being the best-scoring template from which the 
predicted structure was built.  Viral envelope protein hits are abbreviated based on the name of 
the virus from which they were derived (DENV = Dengue Virus E glycoprotein; TBEV = Tick 
Borne Encephalitis Virus envelope glycoprotein; WNV = West Nile Virus Envelope glycoprotein; 
and, CHIKV = Chikungunya virus envelope protein).  All species that had a hit to a viral 
envelope structure are shaded grey. 
 
cThe hits to the Ichthyophthirius multifiliis HAP2 ortholog were determined through the Phyre2 
processing portal. 
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Figure S-3.6 Immunofluorescence localization of mutated versions of HAP2. HAP2 
localizes to the conjugation junction of T. thermophila, a region where cells of complementary 
mating types adhere and form membrane pores. In each panel, localization of a C’-terminal HA- 
or FLAG-tagged version of HAP2 is shown in crosses between WT cells and strains harboring 
mutations/truncations to the HAP2 coding sequence. In all cases, mutated/truncated gene 
constructs were targeted to the HAP2 locus and expressed under the control of the endogenous 
promoter. Cells were fixed 2.5-5 h after mixing of complementary mating types, then 
permeabilized and immunolabeled with anti-HA or anti-FLAG antibodies.  In some cases, nuclei 
were labeled 30 min prior to fixation with Hoechst 33258.  Each row of paired images shows a 
merged fluorescence-bright field image (above), and the fluorescence image alone (below), for 
a representative mating pair from crosses containing the indicated mutated/truncated construct 
(as labeled above the paired images).  No signal was seen in matings between cells that lacked 
epitope-tagged HAP2.  Scale bars are 10μm. 
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Figure S-3.7 HAP2 fusion assays in heterologous systems. (A) Immunofluorescence 
microscopy analysis of HAP2-expressing mammalian cell lines. Transfection of human liver 
(Huh-7), African green monkey (Vero-E6), and baby hamster kidney (BHK) cells with a codon-
optimized T. thermophila HAP2 gene fused to a 3x FLAG epitope tag resulted in detectable 
protein expression in all lines tested via immunofluorescence. Transfected cells were fixed, 
permeabilized and immunolabeled with anti-FLAG antibodies, followed by DAPI staining to label 
cell nuclei. The HAP2 protein appeared to be expressed on the plasma membrane, as the 
outline of cells, including the filopodia and membrane ruffles of the Huh-7 cells, could be well 
delineated after labeling. Arrows show nuclei present in small, HAP2-expressing multi-nucleated 
cells in all threecell lines. Scale bar is 25 μm. (B) Western blot analysis of HAP2 protein 
expression in transfected cells and HAP2 incorporation into pseudotyped particles. To 
determine whether HAP2 function was sufficient to fuse viral envelopes to cells we generated 
murine leukemia virus (MLV) retroviral pseudotyped particles that incorporated heterologous 
HAP2 (HAP2pp). HEK-293T cells were co-transfected to produce either T. thermophila HAP2-
3xFLAG pseudotyped particles (HAP2pp) or no envelope protein control particles (Δenvpp). 
After supernatant harvesting, the pseudotyped particle producer cells were lysed and analyzed 
by Western blot along with the concentrated pseudotyped particles. HAP2-3xFLAG was 
detected using an anti-FLAG tag antibody, and MLV p30 capsid protein (loading control) was 
detected using the anti-MLV p30 capsid antibody (4B2). In both HAP2-transfected cell lysates 
and in HAP2pp, the HAP2 protein could be detected. In cell lysates, bands were detected at 
~115, ~100, and ~25 kDa, whereas in HAP2pp only the ~115 and 25 kDa bands, were seen, 
indicating preferential incorporation of certain forms of HAP2 into the particles. Several bands of 
intermediate sizes were also observed suggesting HAP2 sensitivity to proteolysis. (C) Infectivity 
assays with HAP2pp. Pseudotyped particles contain a luciferase gene that integrates into the 
target cell’s genome if successful viral membrane fusion and entry has occurred. Assaying for 
luciferase activity after application of particles allowed for determination of the infectivity, and 
thus fusogenicity, of each type of pseudotyped particle analyzed. Cell lines used to test the 
infectivity of these particles were HEK-293T, Huh-7, and Vero-E6 cells that were either 
transfected with an empty vector, or a vector designed to express HAP2-3xFLAG (as in [A]). 
Twenty-four hours post transfection, HAP2pp, Δenvpp, and VSV-G pseudotyped particles 
(positive control particles pseudotyped with the VSV-G envelope glycoprotein) were used to 
inoculate cells. Seventy-two hours post infection, cells were lysed and luciferase activity was 
determined using a luminometer. Note the relatively low levels of luciferase activity in the control 
Δenvpp and HAP2pp infected samples (~102-103 relative luciferase units, RLU). 
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Supplemental Materials and Methods 
 
Immunofluorescence microscopy.  Wild type cells (T. thermophila strain CU428.2 [mating 

type VII]) and cell lines harboring tagged HAP2 constructs (strain CU427.4, mating type VI) 

were cultured separately, starved and then combined to initiate mating as described above. At 

time points indicated in the figure legend, mating pairs were washed in 20 mM HEPES buffer, 

pH 7.4, then fixed for 20 min at room temperature by gentle addition of IC Fixation Buffer 

(Affymetrix eBioscience) at a ratio of 1:1 with resuspended cells. In some cases, Hoechst 33258 

(Invitrogen) was added to the media 30 min prior to fixation for localization of macro- and 

micronuclei. All centrifugation steps were carried out at 350 × g. After fixation, cells were again 

centrifuged and resuspended in 1 × Permeabilization Buffer  (Affymetrix eBioscience), blocked 

in PBS containing 3% BSA, and incubated overnight at 4˚C with the addition of either mouse 

anti-HA (anti-HA.11, BioLegend, formerly Covance) or rabbit anti-FLAG (Rockland, Inc.) 

antibodies at a dilution of 1/1000, followed by a 1 h incubation in secondary Alexa 488-

conjugated goat anti-mouse and goat anti-rabbit antibodies respectively, at a dilution of 1/1000 

(Life Technologies). 

For immunofluorescence analyses of HAP2-3 × FLAG protein expression in mammalian cell 

lines, cells were washed in PBS buffer, and fixed for 1 h in PBS containing 4% 

paraformaldehyde. Cells were then permeabilized with Triton X-100, blocked with normal goat 

serum, and immunolabeled using first an anti-FLAG antibody (FLAG M2 antibody, Sigma), and 

next, a goat anti-mouse Alexa488 antibody (Life Technologies) at dilutions of 1/1000 and 1/500 

respectively. Upon mounting, nuclei were stained by addition of Fluoromount G with DAPI 

(Electron Microscopy Sciences).  

In both cases (i.e. mating T. thermophila, and HAP2-transfected mammalian cell lines), 

slides were analyzed for HAP2 expression and localization using either the 63× or 100× 

objectives on a Zeiss Axio Imager M1 microscope equipped with an AxioCamMR3 camera. 

Western blot analysis.  T. thermophila cells modified to over express HAP2 were induced to 
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express a C-terminally HA-tagged HAP2 through the addition of 0.1 µg/mL CdCl2 to the 10 mM 

Tris starvation medium. Cell pellets (2 × 106 cells) were prepared every hour after induction for 

10 h and 100 µL of 10 × Roche cOmplete EDTA-free Protease Inhibitor Cocktail (Roche) was 

added prior to freezing. Frozen cell pellets were resuspended in 100 µL of 2x sodium dodecyl 

sulfate (SDS) loading buffer and boiled for 2 min before addition of DTT. Protein samples 

(equivalent to ~1.5 × 105 cells) were separated on a 10% poly-acrylamide SDS gel in Tris-

Glycine running buffer, and transferred to a 0.45 µm nitrocellulose membrane (Bio-Rad) for 1 h 

at 90 V. The blot in Figure S-3.3D was blocked in a PBS-Tween containing 5% milk solution and 

probed with a 1/1000 dilution of anti-HA antibody (anti-HA.11, BioLegend, formerly Covance), 

followed by HRP-conjugated secondary anti-mouse IgG antibody at 1/1000 (Southern Biotech). 

Signals were developed using a SuperSignal West Pico ECL kit and images acquired using a 

Syngene gel imager (Synoptics Ltd.). 

For HAP2pp and ∆envpp conditions (Figure S-3.7A), co-transfected cells were lysed using 

with 1 × radioimmunoprecipitation assay (RIPA) buffer (EMD Millipore) containing protease 

inhibitor cocktail (Roche). HAP2pp and ∆envpp pseudotyped particles were ultracentrifuged at 

42,000 rpm for 2 h at 4°C, using a TLA-55 rotor with an Optima-MAX-E centrifuge (Beckman-

Coulter). Viral pellets were resuspended in PBS. Lithium dodecyl sulfate (LDS) loading buffer 

and DTT were added to cell lysates and concentrated viral solutions, which were then heated at 

95°C for 5 min. Protein samples were separated on a NOVEX Bis-Tris gel (Life Technologies) 

and transferred on a polyvinylidene fluoride membrane (GE Healthcare). Detection of HAP2-

FLAG was performed using the mouse anti-FLAG tag antibody (FLAG M2 antibody, Sigma) and 

MLV capsid detection was performed using the mouse monoclonal anti-MLV capsid p30 (4B2, 

Abcam). Detection of Western blot signal was performed using an ECL kit (Pierce) and image 

acquisition was performed using an LAS-3000 imager (FujiFilm). 

Expression of T. thermophila HAP2 in mammalian cell lines.  A synthetic, codon-optimized 

[S2] version of the full length T. thermophila HAP2 gene was made (Genscript) with a 5’- HindIII 
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restriction site and Kozak consensus sequence prior to the start codon, and a 3 × FLAG epitope 

tag followed by a stop codon and an EcoRI restriction site at the 3’-end. The codon-optimized 

HAP2 gene was digested at the aforementioned restriction sites, purified, and ligated to a 

similarly digested and purified pcDNA™3.1(+) mammalian expression vector (kindly provided by 

G. Whittaker). Resulting plasmids were verified by restriction analysis and sequencing (Cornell 

Biotechnology Resource Center). Purified plasmid DNA was concentrated by ethanol 

precipitation to ~1 μg/μL and used for transient transfections of mammalian cells. 

Mammalian cell cultures of HEK-293T cells (ATCC), Huh-7 cells (Japan Health Science 

Research Resources Bank, Japan), Vero-E6 cells (ATCC), and BHK-21 cells (kindly provided 

by Mark Whitt) were maintained at 37˚C 5% CO2 in DMEM (Corning) supplemented with 10% 

fetal bovine serum (ThermoFisher), 10 mM HEPES (Corning), 100 IU/mL penicillin and 100 

µg/mL streptomycin (Corning). For immunofluorescence analysis of transfected cells, 3-12.5 × 

104 Huh-7, Vero-E6, or BHK-21 cells were seeded in microscopy chamber slides (EMD 

Millipore) and incubated for 18 h at 37°C in a 5% CO2 incubator. Cell supernatants were gently 

aspirated and replaced with 100 μL of warm Opti-MEM (ThermoFisher) media, then transfected 

by the further addition of 25 μL of an Opti-MEM-Lipofectamine 2000 (ThermoFisher) mixture 

containing the plasmid DNA encoding HAP2 or a pCAGGS empty vector control at a final 

concentration of 4 ng/μL, and incubated at 37°C in a 5% CO2 incubator for 6 h. Transfection 

medium supernatant was then gently removed and replaced with 100 μL of warm DMEM 

supplemented with 10% fetal bovine serum and 10 mM HEPES but without 

penicillin/streptomycin and incubated 24 h at at 37°C in a 5% CO2 incubator. 

Pseudotyped particle production.  Murine Leukemia Virus (MLV)-based HAP2-pseudotyped 

particles (HAP2pp) were generated as previously described [S3]. 1 × 106 HEK-293T cells were 

seeded in six-well plates and incubated at 37°C in a 5% CO2 incubator for 18 h. Cells were co-

transfected with pcDNA-HAP2-FLAG plasmid (HAP2pp), or pCAGGS empty vector control 

(∆envpp), or VSV-G encoding plasmid (VSV-Gpp), along with MLV Gag-Pol packaging 
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construct and the MLV transfer vector (encoding a luciferase reporter gene), using 

Lipofectamine 2000 transfection reagent (Life Technologies) according to manufacturer’s 

instructions. The cells were incubated at 37°C in a 5% CO2 incubator for 48 h. Supernatants 

containing released pseudotyped particles were harvested and filtered
 
through 0.45 μm 

membranes and stored at -80˚C. 

Pseudotyped particle infection.  For infection assays, 2.5 × 105 HEK-293T, or Huh-7, or Vero-

E6 cells were seeded in 24-well plates and incubated at 37°C in a 5% CO2 incubator for 18 h. 

Cells were transfected with either pCAGGS empty-vector control or pcDNA-HAP2-FLAG 

plasmid and incubated at 37°C for 24 h at 37°C in a 5% CO2 incubator. The cells were washed 

with PBS, and 200 μL of pseudotyped particles were added to cells and incubated at 37°C in a 

5% CO2 incubator for 2 h. Complete medium was then added and cells were incubated at 37°C 

in a 5% CO2 incubator for 72 h, after which luciferase activity was measured using Luciferase 

Assay Kit (Promega), and luminometer readings performed with a Glomax 20/20 system 

(Promega). Experimental values were plotted using Prism 7 (GraphPad) and are average 

relative luciferase units of three replicates (n = 3) with error bars representing standard 

deviation (s.d.).  

 

Supplemental references and notes 

 
S1.  Liu, Y., Pei, J., Grishin, N., and Snell, W.J. (2015). The cytoplasmic domain of the 

gamete membrane fusion protein HAP2 targets the protein to the fusion site in 
Chlamydomonas and regulates the fusion reaction. Development 142, 962–971. 

 
S2.  For codon optimization of Tetrahymena thermophila HAP2, the amino acid sequence was 

first codon optimized for expression in Homo sapiens (GenScript) and was then submitted to 
the graphical codon usage analyzer (http://gcua.schoedl.de/sequential_v2.html) and 
manually altered (relative adaptiveness values of no less <40%) to allow for optimal 
expression in both insect (Drosophila melanogaster) and human (Homo sapiens) cells.     

 
S3.  Bartosch B., Dubuisson J., and Cosset F.L. (2003). Infectious hepatitis C virus pseudo-

particles containing functional E1-E2 envelope protein complexes. J Exp Med 197, 633-642. 
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Chapter four 
 

The Tetrahymena conjugation-junction specific protein ZFR1 
does not function in sexual cell fusion 
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Abstract 

The fusion of individual gamete cells during sexual fertilization is a tightly regulated act 

fundamental to the perpetuation of eukaryotic life that unfortunately, we still know very little 

about. Here, to better understand the interplay of molecular components controlling cellular 

fusion during fertilization, we tested the possibility that a recently identified fertilization-specific 

zinc finger protein, ZFR1, may act in concert with the gamete fusion protein, HAP2, to drive 

membrane fusion events during sexual conjugation of the model ciliated protist, Tetrahymena 

thermophila. We found that when both Tetrahymena mating partners lacked ZFR1, pair fertility 

declined to ~20% (similar to previous findings), but that this loss of fertility was not due to the 

improper localization of HAP2 or defects in membrane fusion between mating cells. 

Interestingly, despite the known instability of the conjugation junction structure in ZFR1 knock-

out mating partners, we found that these cells continue to form pairs very late into conjugation 

compared to their wild-type counterparts. Together, these data solidify support for a post-fusion 

block to Tetrahymena fertility in ΔZFR1 cells, and are suggestive of a role for ZFR1 in the 

functional regulation of developmental signaling cascades and/or junctional membrane 

recognition and adhesion.   
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Introduction 

In order to construct a mechanistic model for how cell-cell fusion is accomplished by the 

gamete membrane fusion protein HAP2 during fertilization it is necessary to also know the 

cellular regulators of HAP2.  It is already understood that HAP2 transcription, proteolysis, and 

intracellular trafficking are tightly controlled in plants and algae, limiting the amount of time 

HAP2 is expressed and membrane localized for its function in fusion[1–3]. Considering the 

drastic consequences to fitness that would ensue if a gamete fusogen were dysregulated [4], we 

reasoned that certain conjugation-junction localized proteins in Tetrahymena thermophila may 

exert their functions through control of HAP2-mediated fusion pore formation. 

Many proteins are known to localize to the nuclear exchange junction during 

Tetrahymena thermophila sexual conjugation. Based on expression and junctional localization 

alone, proteomic studies on the secretome of starved mating-competent Tetrahymena[5] and 

methods for specifically isolating the proteins embedded within the entire conjugation junctional 

membrane itself [6], have added to a growing list of potential HAP2-interactors.  This list 

includes, among others, the protein fenestrin, a possible signaling molecule or transcriptional 

regulator that has an implied structural role in the conjugation junction[6]; EF1-α, a ribosomal 

elongation factor with a possible ‘moonlighting’ function in actin bundling and extracellular matrix 

remodeling [7,8]; TCBP-25, an EF-hand Ca2+ binding protein[9]; FTT18, a 14-3-3 signaling 

protein that could bind and regulate any number of enzymes or transmembrane proteins[10,11]; 

and, ZFR1, a zinc finger protein recently demonstrated to affect fertility and the mechanical 

stability of mating pairs [12]. 

To begin to explore the possibility that one of these proteins may be involved with HAP2-

fusogenic function we focused our efforts on ZFR1, testing whether it functions in tandem with 

HAP2 in the establishment of fusion pores, or has a regulatory role in HAP2 localization to the 

junctional membrane. The ZFR1 protein itself is 514 amino-acid cytosolic protein (no signal 

peptide or predicted transmembrane domains) with an amino terminal B-box and a C’-terminal 
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hydrophobic domain.  A previous study of ZFR1 predicted that it functions late in conjugation (8-

10 hrs), possibly in membrane remodeling after nuclear exchange [12]. To us, this protein stood 

out among potential HAP2-interactors for its specific localization to the conjugation junction, and 

requirement for cell-cell adhesion around the time of prezygotic nuclear division.  In previous 

studies of T. thermophila HAP2, knockout cell lines were infertile and compromised in their 

ability to form stable pairs at about the same time point during mating[13].  In the HAP2 study, 

the observed defects in pair stability were coincident with a lack of membrane fusion pore 

formation at the conjugation junction.   

Zinc finger domain-containing proteins have diverse functions within the cell ranging 

from transcriptional activation to protein folding, lipid binding and protein turnover[14,15].  Not 

surprisingly, zinc finger proteins have also been reported to impact fertility in systems other than 

Tetrahymena. For example, spermatogenesis in the nematode worm, Caenorhabditis elegans, 

relies on Spe10, a tetraspanin containing a DHHC-CRD zinc finger motif (palmitoyl transferase), 

for the proper maturation and delivery of lysosome-related fibrous body membranous organelles 

to the developing spermatids[16]. Since Tetrahymena does not make true gametes, it is difficult 

to envision how a protein with this type of function might be involved in fertilization, although 

“gametic” pronuclear maturation represents at least one possibility.  Aside from Spe10, several 

other zinc-finger domain containing proteins have been discovered to have key roles in fertility 

and/or development in other organisms[17–19].  

 
Results 

ZFR1 deletion does not effect HAP2 localization or cell-cell fusion during mating.  

As indicated above, previous studies in T. thermophila had shown that deletion of ZFR1 

leads to mechanical instability of mating pairs as well as low fertility.  Because HAP2 deletion 

strains have a remarkably similar phenotype, we hypothesized that the ZFR1 might play a role 

in membrane pore formation at the conjugation junction and that the HAP2 and ZFR1 gene 
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products might interact.  To examine these possibilities we created ΔZFR1 knockout cell lines in 

three different mating types of T. thermophila and engineered one of these to express a 

cadmium-inducible HAP2::GFP reporter construct (Figure 4.3A,B and methods). Mating these 

cells either to each other or to WT cells allowed us to examine the role of ZFR1 in membrane 

pore formation during conjugation, as well as test for possible interactions between ZFR1 and 

HAP2 based on localization of the GFP-tagged HAP2 gene product.   

As shown in Figure 4.1A, deletion of ZFR1 had no effect on HAP2 localization at the 

conjugation junction.  Indeed in crosses between ΔZFR1 cell lines of different mating types, the 

localization and signal intensity of the HAP2::GFP fusion protein appeared at least as great as 

in previous studies with GFP-tagged HAP2 in cell lines harboring the wild-type ZFR1 gene[13]. 

These results indicated that ZFR1 is not involved in HAP2 trafficking to the conjugation junction 

in mating Tetrahymena, and that it is likely these two gene products do not interact.  

To examine the role of ZFR1 in membrane fusion pore formation, we used flow 

cytometry to measure the exchange of fluorescently labeled proteins between mating partners 

in crosses between ∆ZFR1 knockout cell lines as compared to WT crosses (as described in 

Chapter 3). Here again we found only a modest reduction in the percent of cell-cell fusion in 

crosses between ∆ZFR1 strains relative to WT matings (Figure 4.1B), with the difference likely 

attributable to the reduced pair stability observed in matings of ΔZFR1 cell lines [12]. These 

results showed that ZFR1 is not involved in HAP2-mediated cell-cell fusion during Tetrahymena 

sexual conjugation. 

ΔZFR1 cells have abnormally high pairing frequencies late into conjugation. 

Much as with ∆HAP2 knockout strains (Chapter 2), mating pairs of ∆ZFR1 knockout 

strains are easily disrupted by mechanical agitation[12].  Based on these results, we decided to 

further test ∆ZFR1 cell pair stability in undisturbed mating cultures to establish the time course 

of normal cell-cell interactions in these crosses. As shown in Figure 4.2, although ΔZFR1 x 
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ΔZFR1 crosses had lower overall pairing frequencies throughout the duration of conjugation 

when compared with WT x WT or ΔZFR1 x WT matings, interestingly, ΔZFR1 crosses 

maintained this mediocre pairing frequency into very late time points during conjugation.  Rather 

than synchronously disengaging from one another at the 11-12 hour time point as with WT 

cells[20], we instead saw that ΔZFR1 x ΔZFR1 crosses continued to pair well past 12 hrs, with 

only a gradual drop in pairing frequency at later time points.  These results indicate one of two 

possibilities: either (1) ΔZFR1 cells stay paired well past the time when WT cell pairs normally 

come apart, or (2) ΔZFR1 pairs are in a state of constant flux between coming apart and pairing 

up again due to the either to a weakness in adhesion events involved in pairing or an 

inappropriate signal allowing complementary mating types to continue to recognize one another 

and pair at these late time points. Regardless, the persistence of ΔZFR1 cell pairing so late in 

mating was an unexpected and potentially interesting phenotype. 

Genetic evidence that ΔZFR1 strains undergo cross-fertilization.  

In addition to normal exchange haploid pronuclei resulting in the formation of true 

progeny, Tetrahymena is capable of cyotogamy, a low frequency self-fertilization event in which 

migratory and stationary pronuclei of starved cells undergo fusion to form a zygotic 

micronucleus.  Such self-fertilization events have been observed to normally occur in 2-12% of 

starved mixed cells of different mating types in WT mating cultures [13]. The previous study of 

ΔZFR1 progeny formation[12] did not allow for rigorous testing of normal cross- versus self-

fertilization events because genetic markers for both parental cell lines were lacking.  Thus, it 

was unclear whether the reported frequency of “progeny” development [12] (~19%) was the 

result of an unusually high rate of self-fertilization, or just a low rate of normal, cross-fertilization.   

We were able to resolve this issue in the current study by constructing our macronuclear 

(Mac) ∆ZFR1 knockout cell lines (above) from available “heterokaryon” strains (Figure 4.3A,B 

and methods) that carry different drug resistance markers (either 6-methylpurine [mpr] or 

cycloheximide [cyr]) in their transcriptionally silent micronuclei (Mic). Because the ∆ZFR1 Mac in 
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both of these cell lines are sensitive to both mpr and cyr, productive matings of these lines allow 

their drug-resistant Mics to be brought into expression in the resultant progeny, allowing us to 

distinguish between cross-fertilization (true progeny) and self-fertilization (cytogamy). This was 

done by growing the post-mating synclone cultures sequentially in media containing 6-

methylpurine and cycloheximide. Only true, cross-fertilized progeny survive both drugs (R/R, 

resistant mpr, resistant cyr).   

To test ∆ZFR1 deletion strains for their capacity to generate cross-fertilized progeny, 

cells of complementary mating types were starved and mated.  Individual mating pairs were 

then hand-isolated and their exconjugant synclones were grown in the presence or absence of 

drug (see Chapter 2, Figure S-2.3).  As shown in Figure 4.3C, the overall survival of ΔZFR1 x 

ΔZFR1 mating pairs in the absence of drug was the same as in WT matings. More importantly, 

the frequency of self-fertilization events appeared normal (~9.2%), and only 22.5 % of pairs 

isolated from a ΔZFR1 x ΔZFR1 matings resulted in true, “cross-fertilized” progeny.  In light of 

the fact that ~60% of the ΔZFR1 mating culture were able to form fusion pores (Figure 4.1B), 

the substantial decrease in cross-fertilized progeny development in ΔZFR1 relative to WT 

crosses clearly indicates that the defect in ΔZFR1 strain fertility occurs downstream of 

membrane fusion. 
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Figure 4.1 Localization of HAP2 and cell-cell fusion in ZFR1 deletion strains.   
(A) A cell line in which the endogenous ZFR1 gene had been deleted (ΔZFR1) was induced 
with 0.1μg/mL CdCl2 to express an Mtt1-promoter-driven HAP2::GFP construct, and then 
crossed with another ΔZFR1 cell line of a different mating type.  After 5.5 hours of mating, nuclei 
were labeled for 30 min with Hoechst 33258 and cells were fixed and examined for the location 
of HAP2::GFP. Two representative pairs are shown with one fluorescence-alone image (left) 
and one merged fluorescence-bright-field image (right) for each pair. Scale bars are 10μm. (B) 
Populations of wild-type (WT) and ΔZFR1 cell lines of different mating types (α=Mating Type 
VII, β=Mating Type VI) were labeled with either CTFR or CFSE, mixed together at 1:1 ratio, and 
acquired with a BD FACS Canto flow cytometer 16 h after mating and fixation.  The percent of 
total events (cells) that had exchanged fluorescent label (as described in Chapter 3) was 
quantified for each individual mating performed (open circles) and is plotted with error bars 
representing ± s.d. and the bar representing the mean of samples collected for a given cross.    
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Figure 4.2 Pairing frequencies during conjugation of ZFR1 deletion strains.  
WT and ΔZFR1 cell lines of different mating types (α=Mating Type VII, β=Mating Type VI), were 
starved and mixed together at a 1:1 ratio at time zero. All cultures were placed in a stationary 
incubator at 30⁰C for the duration of mating.  The frequency of cells in pairs was measured 
every 30 minutes (closed squares) by carefully withdrawing cells from the culture vessel, adding 
fixative, and placing them on microscope slides for counting (>100 “objects” / time point) under 
bright field visualization. Data points from the WTα x WTβ (black line) and ΔZFR1α x WTβ (green 
line) crosses are each representative of one independent mating.  Data points for the ΔZFR1α x 
ΔZFR1β mating (blue line) represent mean data from two independent experimental matings.   
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Figure 4.3 Construction and fertility testing of ΔZFR1 strains.  (A) A schematic of showing 
the construct made for replacement of the ZFR1 locus with a neo4 cassette conferring 
resistance to paromomycin, X’s denote sites of homologous recombination between the plasmid 
DNA sequence biolistically-introduced and the 5’ and 3’ flanks surrounding the ZFR1 open 
reading frame. (B) PCR amplification across the predicted recombination site of wild-type and 
transformed Tetrahymena strains showing replacement of the endogenous sequence (2Kb 
amplicon), with the much longer resistance cassette (~2.4Kb amplicon). (C) Effects of ZFR1 
deletion on mating success.  Reciprocal crosses (x) between ΔZFR1 strains were carried out to 
corroborate previously obtained results[12]. For each cross, pairs were individually isolated into 
drops to establish synclones and phenotypically characterized by individual pair survival and 
progeny drug resistance phenotypes to different micronuclear markers present in both parental 
cells according to the same rubric used in Chapter one, figure S3. From these tests, individual 
progeny synclones fell into three categories based on their resistance (R) and sensitivity (S) to 
the drugs cycloheximide and 6-methylpurine:  “Cross-fertilizers”; R/R, were clones that 
successfully completed sexual conjugation and made a new macronucleus. “Self-fertilizers”; R/S 
or S/R, were clones where nuclear exchange was blocked and only one parent developed a 
new macronucleus. “Back-outs”; S/S, were completely unsuccessful in sex and development 
and retained their parental macronucleus.  In each cell, the percentage of pairs displaying a 
given phenotype is shown on the left next to parentheses containing the raw data used in that 
calculation (# of pairs with that given outcome / total number of pairs).  
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Discussion   

We originally initiated this study to test whether ZFR1, a protein that localizes to the 

conjugation junction of mating T. thermophila, plays a role in directing HAP2-mediated 

membrane fusion during fertilization.  We found, however, that in the absence of ZFR1 

expression, a GFP-tagged version of HAP2 still correctly localized to the conjugation junction 

(Figure 4.1A) and that mating cells were able to form fusion pores (Figure 4.1B).  Additionally, 

we found that ΔZFR1 matings consistently paired at lower frequencies and quite surprisingly, 

continued to pair for longer than their wild-type counterparts (Figure 4.2).  

In light of recent studies on HAP2 [13] one might be led to believe that membrane fusion 

is absolutely required for the formation of mechanically stable pairs, but these results highlight 

the important point that membrane pore formation is not sufficient to ensure pair stability during 

Tetrahymena mating. This is evidenced by the fact that ΔZFR1 pairs can fuse, but still have 

substantial issues with pair stability throughout conjugation[12], indicating that even when pairs 

are ratcheted together by fusion pores, an additional factor(s) is still necessary to prevent them 

from coming apart. 

The experiments described here demonstrating the absence of a functional role for 

ZFR1 in membrane pore formation support previous studies [12] which showed that the 

absence of ZFR1 expression appears to block Tetrahymena fertilization around ~8 -10 hours 

into mating. The curious persistent pairing phenotype which extends late into mating further 

supports this.  Although not described here, bioinformatic analysis of the ZFR1’s putative protein 

domain arrangement through sequence and structure-based homologies (psi-BLAST & Phyre2 

hits, data not shown) raise the intriguing possibility that ZFR1 could be acting as an ubiquitin 

ligase during Tetrahymena mating. In this regard, it is worth noting that defects in similar 

protein-modification pathways within the cell, namely, the sumoylation pathway, have also 

recently been noted to have lower pair stability during Tetrahymena conjugation, a result 

reminiscent of those observed for ΔZFR1 matings[21]. 
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Together, these findings open new lines of questioning as to the nature and control of 

cellular adhesion and recognition proteins during Tetrahymena mating: What factors in addition 

to membrane fusion are necessary to hold mating cells together during conjugation?  What is 

the cellular “off-switch” for mating pair recognition and adhesion at the 12-hour time point of 

Tetrahymena conjugation? A role for protein-degradation pathways in either the maturation or 

regression of the conjugation junction seems intuitively logical in Tetrahymena mating, as the 

dynamic remodeling of the protein landscape at the conjugation-junction is dependent on proper 

intra- and intercellular signaling throughout mating, and is ultimately necessary for the timely 

recognition, adhesion, fusion, and finally, separation of cellular mating partners. 

 

Materials and methods 

Tetrahymena strains and culture conditions. Tetrahymena strains were obtained 

from the Tetrahymena Stock Center, Cornell University. Cells were grown at 30°C in NEFF 

medium (0.25% proteose peptone, 0.25% yeast extract, 0.5% glucose, 33.3μM FeCl3) on a 

platform shaker at ~ 100 rpm. For mating, log phase cells were starved at ~2 ×105 cells/ml for 

12-18 hrs in 10 mM Tris buffer (pH 7.5), and mixed in equal concentration at 30°C. For somatic 

transformation, target cells were grown to mid-to-late log stage (~6 × 105 – 1 × 106 cells/ml) in 

NEFF medium, and starved overnight in 10 mM Tris buffer (pH 7.5) at ~2 × 105 cells/ml prior to 

biolistic transformation[22,23]. Following transformation, cells were transferred to NEFF with 

250μg/ml Penicillin G, 250 μg/ml Streptomycin, and 1.25μg/ml Fungizone, and grown at 30°C. 

Tetrahymena ZFR1 deletion strain construction: The endogenous ZFR1 gene was 

knocked out in the macronucleus of T. thermophila strains CU428.2, CU427.4, and 

HAP2::GFP[13] by homologous recombination using a “Neo4” paromomycin resistance 

selection cassette (Figure 4.3A).  The knockout construct was made by separately amplifying 5’- 

and 3’-flanking regions of the ZFR1 gene via PCR using T. thermophila genomic DNA as 

template and primer pairs ZFR1 5’Flankfor/ZFR1 5’flankrevXhoI and ZFR1 3’FLANKFORSacI 
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/3’FLANK REV, respectively (see below).  The Neo resistance cassette was amplified from the 

Neo4 vector using the primer pair Neo4for2XhoI/Neo4cyrevSacI.  The three PCR products were 

cut with the restriction enzymes XhoI, SacI or both as appropriate, then gel purified and 

sequentially ligated in reactions using T4 DNA ligase.  The final ligation product was gel purified, 

blunt-end cloned into PCR4BLUNT-TOPO and sequenced.  The resulting plasmid was 

linearized and transformed into the somatic macronucleus of Tetrahymena thermophila.  Clones 

that were completely replaced in the endogenous ZFR1 locus with the Neo4 selection cassette 

were selected by serial passage of clones in NEFF growth medium containing incrementally 

increasing concentrations of paromomycin (up to 800µg/mL). Complete replacement of the 

endogenous ZFR1 gene was verified by PCR amplification of genomic DNA using primers 

spanning the Neo4 insertion site (ZFRrescueF1 and ZFRrescuerev), with complete knockout 

clones showing only one PCR fragment of the size expected for the knockout construct (Figure 

4.3B).  Knockout strains generated and used in experiments (PCR results with * in Figure 4.3B) 

were frozen under the names: ZFR1KOinCU428cl.51, ZFR1KOinCU427cl.3, and 

GFPHAP2ZFR1KOcl.2. The GenBank accession number for the ZFR1 protein sequence is 

XP_001029830 (TTHERM_01285910). 

Primers used:  ZFR1 5’Flankfor  5’ AGAAGAAAAGTATGACAAAATTAACTG3’ 

ZFR1 5’flankrevXhoI  5’ TAAGTACTCGAGTGACCTGAAAATATCTTAGCTAGC 3’ 

ZFR13’FLANKFORSacI 5’ CTTATGGAGCTCGATAAAATTAAGTTCTATCTATGTTCATGAAC3’ 

ZFR1 3’ FLANK REV  5’ AGAATGCATCGAAAGATTTAAAACC3’ 

Neo4for2XhoI  5’ GACTTACTCGAGAATAAGGGTTTTGAATAACTCCT 3’ 

Neo4cyrevSacI  5’ ATTCTAGAGCTCTGCATTTTTCCAGTAAAAATTTGA 3’ 

ZFRrescueF1  5’ GAAGAAACAAATAACTAACTATTGAATTCT 3’ 

ZFRrescuerev  5’ AACAATTTTAAACATTAGCGAACT 3’ 

ΔZFR1 Pair Stability Assay. Complementary mating types (called “α” and 

“β” for CU428 and CU427 respectively) of ΔZFR1 cells were starved in 10mM Tris pH 7.5 and 
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mixed together at a 1:1 ratio in 50 mm × 10 mm petri dishes prior to incubation at 30ºC for the 

duration of mating.  The final concentration of the 4 mL mating mixture was 2 x 105 cells/mL. At 

30 minutes intervals after mixing, ~10-15 μl of the ΔZFR1α x ΔZFR1β mating mixture was gently 

removed and fixed with an equal volume of IC fix buffer (eBioscience). Slides were immediately 

prepared from this fixed sample and visualized using the bright field optics of a model # 131-SP 

National Microscope. To lessen eye-strain during counting, enumeration of pairs and single cells 

was assisted by viewing the slide via a computer running the Motic Images Plus 2.0 software 

and projecting a live feed from the microscope’s eyepiece through a MoticCam3.0 camera.    

Genetic analysis of fertilization events in ΔZFR1 matings via drug selection. Mating 

success as determined by “cross-fertilization” in ΔZFR1 crosses was measured as described in 

Chapter 2, Figure S-2.3.  Briefly, ΔZFR1 cell lines were constructed carrying different drug-

resistance markers in their transcriptionally silent germline micronuclei.  ΔZFR1α carried a 

dominant 6-methylpurine resistance allele (Mpr) in its micronucleus and ΔZFR1β carried a 

dominant cycloheximide resistance allele (Cyr) in its micronucleus.  Upon mating, these 

germline resistance alleles were brought into expression in the newly developing macronucleus 

of progeny cells.  If progeny were not formed, than the parental cells remain sensitive to both 

cycloheximide and 6-methyl-purine.  Single pairs were isolated from a ΔZFR1α x ΔZFR1β cross 

at 6 h and 9.5 h post mix. Results of the 6 hr and 9.5 hr pair isolations were similar, and data 

from these two independent mating experiments were combined for the results shown in Figure 

4.3C. After pairs were isolated, they were allowed to complete mating, and exconjugants cells 

were grown in hanging drops to establish “synclones,” or mixed populations of the karyonoidal 

descendants from each exconjugant.  These synclones were then subjected to sequential drug 

testing in first cycloheximide, then 6-methyl-purine.  True “cross-fertilized” progeny were defined 

as those synclones that were resistant to both drugs.  Self-fertilizers or “cytogamonts” show 

resistance to only one drug.  Parental cells which were unable to complete sexual conjugation 

and maintained their drug-sensitive Mac were not resistant to either drug.    
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Flow cytometry assays for cell-cell fusion: Flow cytometry fusion assays were carried 

out as described in Chapter 3.  Briefly, complementary mating types of the indicated T. 

thermophila cell lines were grown and placed in starvation medium (10 mM Tris buffer, pH 7.5) 

labeled with amine reactive dyes, and subjected to mating and subsequent flow cytometry 

acquisition.  7 × 106 cells were washed once in 0.1 × PBS and resuspended 1 mL of the same 

buffer followed by 1mL of 0.1 x PBS containing either 20 µM CFSE (eBioscience) or 10 µM 

CTFR (Life Technologies).  Cells were then incubated in the dark for 5 min at room temperature 

(RT), or 15 min at 30˚C for CFSE and CTFR, respectively. NEFF media was immediately added 

to quench unincorporated label and cells were washed and resuspended in 10 mM Tris (pH 

7.5).  Samples were maintained in a 30˚C incubator overnight, then washed again the following 

day prior to mating the cells at 30˚C in petri dishes (0.5–2 × 106 total cells/dish). After mating 

(16-20 hr post-mixing) exconjugant cells were washed in 10mM Tris, fixed with IC Fixation 

buffer (eBioscience), washed once more in 1 × PBS, and resuspended in 1 × PBS containing 

0.3% BSA and acquired on a BD FACSCantoTM II Flow Cytometer.  A minimum of 30,000 

events were collected for each mating reaction and data analyzed with FlowJo software (FlowJo 

LLC). The criterion for inclusion in the analyses was a % pairing > 60% at 3 hr post mixing. 

Fluorescence microscopy.  For cellular imaging of the localization of GFP-tagged 

HAP2 in ΔZFR1 matings, starved cells harboring the HAP2::GFP construct were induced to 

express HAP2-GFP by addition of 0.1ug/mL CdCl2 to the 10mM Tris pH 7.5 starvation medium 

30 min before mixing with starved ΔZFR1 of the complementary mating type.  Additional CdCl2 

was added to the starvation medium containing the mixed, mating population to bring the final 

concentration up to 0.1ug/mL.  Mating cells were fixed at the time points indicated in the text by 

the addition of IC fix buffer for 20min at RT.  Fixed cells were washed once with 0.1x PBS - 

0.3%BSA buffer and immediately imaged using a Zeiss Axio Imager M1 microscope equipped 

with an AxioCamMR3 camera.
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Chapter five 
 

Evidence of a cryptic sexual stage in the freshwater fish 
parasite, Ichthyophthirius multifiliis1

                                                
1 Figure 5.1 in this chapter was adapted from a figure in Coyne et al. © 2011, Genome Biology, 
and is used here with the permission of the corresponding author. 
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Abstract 

HAP2 is an evolutionarily conserved protein known to play a critical role in the gamete 

membrane fusion of a wide range of eukaryotes.  Expression of HAP2 occurs only during the 

sexual stage of the life cycle in male gametes, and elimination of the HAP2 gene blocks 

fertilization. Because HAP2’s function is restricted to sexually active cells, the expression profile 

of HAP2 has a potential to shed light on the presence of a sexual stage in difficult to study 

eukaryotic microbes.  This includes the parasitic ciliate Ichthyopthirius multifiliis, a common, 

obligate parasite of freshwater fish.  Recent sequencing of the I. multifiliis genome has permitted 

the identification of a HAP2 ortholog of in this species.  After mapping the corresponding HAP2 

transcript using 5’ RACE, we looked for clues to help pinpoint the potential sexual stage of this 

parasite by examining HAP2 expression patterns throughout the life cycle.  We found that the 

infective theront stage of the life cycle is where HAP2 mRNA is most abundantly expressed, 

with the possibility of differential RNA processing of the HAP2 message at other parasitic stages 

also limiting the presence of the mature transcript. We then replaced the HAP2 ectodomain of a 

related ciliate, T. thermophila, with the I. multifiliis HAP2 ectodomain and found that the I. 

multifiliis protein was unable to rescue sexual cell fusion events using assays developed in T. 

thermophila. Together these results reinforce the species-specific N’-terminal sequence 

conservation requirements for HAP2 previously reported in plants, and provide further support 

for the presence of a sexual theront stage in this commercially important fish pathogen.     
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Introduction 

The pathogenic ciliate Ichthyophthirius multifiliis is the causative agent of “white-spot 

disease”, a highly contagious, often lethal disease of freshwater fish that is a major problem for 

commercial fish producers and aquarium hobbyists alike, resulting in significant economic 

loss[1,2]. Currently there is no preventative treatment and no effective cure for large-scale 

outbreaks. Although the observable I. multifiliis life cycle is well documented, the presence of a 

sexual stage has not been definitively shown[1], and a more resolute understanding of the life 

cycle could lead to better therapeutic interventions. The life cycle of this obligate parasite 

consists of morphologically distinct stages both on and off the fish, called the trophont and 

tomont, tomite and theront, respectively (Figure 5.1)[1,3].  Here, we provide data to support the 

idea that theronts may be a sexual stage in this parasite’s life cycle based on transcriptional 

upregulation of HAP2, a key gene encoding the sexual fusogen necessary for fertilization events 

in a broad array of species.   

   Based on the wide representation of meiotic genes in extant eukaryotes, it is now 

strongly suspected that many originally assumed asexual eukaryotic microbes, especially 

pathogenic species[4,5], may contain the presence of a sexual stage[6,7]. In this respect, it is 

possible that many ciliate species, including Ichthyophthirius, are also secretively sexual[7].  

Even though it has yet to be definitively shown, previous studies on this important fish pathogen 

do contain evidence to support that sexual conjugation may be possible[8,9].  Like many 

ciliates, Ichthyophthirius is binucleate, and perhaps the most suggestive evidence for sex in the 

I. multifiliis is its maintenance of a micronucleus[1].  The macronuclei of ciliates are 

transcriptionally expressed, whereas the micronucleus houses the germline genetic information 

and is only utilized during sexual development. Amicronucleate ciliates species are 

common[10], but they only vegetatively reproduce and are incapable of sexual fertilization due 

to their lack of a micronucleus[11]. Also, following extended periods of clonal growth, ciliates 
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tend to eventually lose functionality and mass in their micronucleus, in what is known as 

germinal senescence[12], sometimes causing cell death. However, micronuclear loss has not 

occurred in Ichthyophthirius. Furthermore, other cytological data has captured some provocative 

images of what appears to be a theront fusing to a trophont on a live fish[8].   

With the sequencing of the I. multifiliis genome[3] and generation of expressed 

sequence tag libraries[13–15], genetic evidence has also emerged for the presence of sex-

specific machinery. Homologs of essential meiotic genes[16] and ciliate conjugation-specific 

genes[9] have now been cataloged in I. multifiliis.  A study of stage-specific parasite gene 

expression also found that transcripts associated with the gene ontology categories of 

reproduction and development were four times more prevalent in theront than trophont 

samples[13].  Finally, molecular genetic diversity characterization of sampled parasite 

populations has found levels of variation high enough to imply that I. multifiliis has been 

reproducing sexually[9]. 

Despite such suggestive evidence, it has been difficult to observe sex in 

Ichthyophthirius. According Dunthorn and Katz[7], sex is easily missed in these ciliates for three 

reasons; first, inappropriate laboratory conditions, second, lack of obvious sexual morphological 

features, and third, the facultative nature of sex in ciliates means it is not always a regular 

occurance.  These same problems apply to I. multifiliis, as its obligate parasitic lifestyle requires 

serial passage on live fish for maintenance in the laboratory and methods have yet to be 

established for axenic culture, making it very difficult to observe possible sexual events in vivo. 

In order to advance the characterization of a possible sexual life cycle, it will be necessary to 

first identify the parasitic stage at which sex is likely to occur.   

The gene, Hapless 2 (HAP2), is one potential marker for sexual reproduction in species 

with cryptic sexual lifestyles. So far, HAP2 has been studied in plants[17], green algae[18,19].
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Figure 5.1 The known life cycle of Ichthyophthirius multifiliis. (A) Infective theronts burrow 
through surface mucus, infect the epidermis, and then begin to metamorphose into feeding 
trophonts. Excessive cellular hypertrophy during 4-7 days of growth eventually culminates in 
parasite egress from the host as tomonts, which swim briefly before adhering to a substrate and 
secreting an encompassing gelatinous capsule. Mitotic division within this protective enclosure 
leads to the generation of hundreds of tomites, which within 24hrs at room temperature escape 
the capsule as infective theronts. If theronts fail to infect fish they die within 1 to 2 days. This 
image was adapted from Coyne et al., Genome Biology 2011[3] and is used with the permission 
of the corresponding author. (B) Images of I.multifiliis parasitic stages. An infected channel 
catfish is shown (left). Each individual white spot on the fish is a single trophont. On the right, 
representative images of the theront (top) and trophont stage (bottom) parasites are shown. 
Note that the apparent difference in cilia length between the theront and trophont is an illusion, 
cilia are actually the same length in both cases, the trophont is just a much larger cell. Images 
courtesy of Dr. Theodore Clark. 
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cnidarians[20,21], insects[22], amoebae[23], and protozoa[19,24,25] where it’s been found to be 

a critical protein for gamete membrane fusion during sex, with expression on male gametes 

correlating with the sexual stage of the organism’s life cycle[6,26].  The gene itself encodes a 

single pass, type 1 transmembrane protein whose extracellular amino terminus is highly 

conserved at the primary sequence level.  In a study by Wong et. al[27], the exchange of the 

Arabidopisis amino terminus with that of a closely related species (Sisymbrium irio, 89% amino 

acid sequence identity) produced a functional protein. However, when the HAP2 ectodomain 

from a more divergent species was substituted instead (Oryza sativa,  59% identical) the 

resulting protein did not function in Arabidopisis fertilization.  These findings give a sense of the 

functional malleability of the HAP2 ectodomain between different species, but similar studies 

have yet to be attempted outside of plants.    

HAP2 homologs are also present in the phylum Ciliophora[24], whose members are 

predominantly isogametic, with only a very few species having what could be thought of as 

male/female (anisogamous) gametes. A majority of ciliate species actually do not make true 

gametes at all, instead producing gametic –like pronuclei, in cells of multiple distinct mating 

types[28].  In this regard, HAP2 expression and function has been studied in a close relative of 

Ichthyophthirius, namely T. thermophila, where it has also been found to be restricted to the 

sexual conjugation phase of the life cycle and to be necessary for fertilization[24]. But 

Tetrahymena differs slightly from other anisogamous systems in that all seven mating types (or 

sexes) express HAP2.  This expression starts right after opposite mating types are initially 

mixed together, and continues for the next three hours at high levels regardless of whether or 

not the expressing Tetrahymena cells end up finding a mating partner or even carry through 

with the conjugation process. Other genetic markers of sex in ciliates, such as those involved in 

ciliate-specific progeny development[9] or in meiosis detection toolkits[29] are expressed only 

after sexually-activated (or costimulated) cells have found a partner and begun the conjugation 

process, which in an organism that may only facultatively sexually reproduce could lead to 
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negative or difficult to interpret results. As a broadly conserved gene expressed early and 

universally in the mating process, this makes HAP2 expression a better, less confounding 

indicator of a sexual life stage in Ichthyophthirius. 

 
Results 

Identification and 5’ mapping of the I. multifiliis HAP2 coding sequence  

A TblastN search of the Ichthophthirius multifiliis genome database[3,30] using the T. 

thermophila HAP2 protein sequence[24] as query uncovered a high similarity alignment 

(score=396, e-value= e-111) with a hypothetical protein encoded by the gene identifier 

IMG5_026080. This hypothetical protein was predicted to contain the conserved protein domain 

HAP2-GCS1 (aka. NCBI #cl11296, Pfam#PF10699)[31,32], but was shorter (525 amino acids) 

than expected given the lengths of other HAP2 orthologs.   

Due to past issues with computational gene calls in ciliate genomes, we decided to 

perform 5’ Rapid Amplification of cDNA Ends (5’RACE) to identify the transcriptional start site of 

the IMG5_026080 coding sequence, henceforth referred to as  “Im HAP2.” The AT-rich nature 

of the ciliate genomes slightly increases the difficulty of RACE procedures in these organisms, 

which has led to the development of elegant protocols utilizing oligonucleotide ligation to 

overcome these hurdles[33]. We adopted a slight modification of this approach outlined 

originally by Eyal et. al.[34] in which a gene-specific primed theront Im HAP2 cDNA was 

circularized via intramolecular ligation with T4 RNA ligase.  Inverse PCR on circularized 

products identified the transcriptional start site of the Im HAP2 gene as being 12 nucleotides 

upstream of a newly predicted start codon.  Our new annotation of the Im HAP2 coding 

sequence (Figure 5.2A) adds one intron and 231 nucleotides (77 amino acids) to the originally-

predicted Im HAP2 coding sequence, increasing the total expected length of the gene product to 

602 amino acids.  
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ClustalW alignment of HAP2 sequence 

CLUSTAL[35,36] alignment of the predicted amino acid sequences of Ichthyophthirius 

and Tetrahymena HAP2 are shown in Figure 5.2B. Overall, the degree of amino acid sequence 

conservation was high, with 46% identity between the ectodomains of both proteins.  

Surprisingly, Im HAP2 is predicted to encode a much shorter cytosolic domain than T. 

thermophila HAP2 (14 vs. 180 amino acids respectively). In addition to this, while Im HAP2 

conserves a poly-basic region in its cytosolic domain, it lacks any of the characteristic cysteine 

residues present in other HAP2 orthologs.  Both the poly-basic regions and conserved cysteine 

motifs in the C’ terminus have been found to be important for HAP2 function in some 

species[27,37], but in a studies of Plasmodium[38] and Tetrahymena HAP2 (submitted), these 

sequence elements were found to have little-to-no functional impact on fusion. 

 

HAP2 Stage-Specific Gene Expression 

To quantify Im HAP2 expression throughout the I. multifiliis life cycle trophonts were 

collected from juvenile catfish at 7-9 day post-infection, and either immediately processed or 

allowed to mature in carbon-filtered water at room temperature to either the tomite or theront 

stage before extraction of total RNA. cDNAs made from these samples were used as template 

for quantitative PCR. As shown in Figure 5.3, theronts appeared to express the highest levels of 

Im HAP2 mRNA,.  In this Figure, the results from two independent samples of theront RNA were 

compared with the average transcript levels from multiple biological replicates of trophont and 

tomite RNAs.   A one-way Kruskal Wallis test found that one of the theront samples had 

significantly higher expression than all other samples at p<0.0001. Although the mean of the 

second theront sample was about 2 fold higher than that of tomite and trophont samples 

collected, this difference was not significant. Currently, the reason for the large discrepancy 

observed between the two theront samples is unknown. 
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Figure 5.2 Identification of the I. multifiliis HAP2 ortholog. The HAP2 ortholog from I. 
multifiliis, whose cDNA sequence was determined using 5’RACE.  (A) The complete cDNA 
sequence of Im HAP2. 5’ RACE identified an earlier start codon and sequence (grey shaded 
nucleotides) that were missed by gene-call algorithms. (B) A CLUSTAL 2.1 alignment of the 
entire I. multifiliis (Im) and T. thermophila (Tt) HAP2 amino acid sequence.  Symbols below 
aligned amino acids indicate degree of similarity: * indicates identity, : is strong conservation, . 
is weak conservation, and “ ” is no conservation.  In both (A) and (B), highlighted sections 
indicate the positions of important HAP2 sequence elements, including the signal sequence 
(green), fusion loop (red), HAP2 domain (yellow), transmembrane domain (blue), and poly-basic 
region (purple). 
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Figure 5.3 Stage specific expression of I. multifiliis HAP2. Quantitative reverse-transcriptase 
PCR results of samples taken from different stages of the I. multifiliis life cycle. The graph 
shows the average transcript level (R.U.) from four independent trophont collections and two 
independent tomite collections. Transcript levels from two independent theront collections are 
shown separately. Each RNA isolation was performed on total parasites collected en masse 
from 4-5 juvenile catfish. Total RNA was purified and 1μg was used as template for cDNA 
generation. Biological samples were run in technical triplicates for qPCR. For the theront 
samples, bars represent the mean level of HAP2 transcript (+/- s.d) from the triplicate runs 
compared to an in vitro transcribed control HAP2 standard curve. A significant difference 
between one of the theront stage samples and all other stages was found by a one-way Kruskal 
Wallis test with Dunn’s multiple comparisons post test at (H5=551 and **** = P<0.0001). 
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RT-PCR shows evidence of alternative splicing 

As a routine check for reverse transcription in the expression studies described above, we 

subjected samples that had been generated in the presence or absence of reverse transcriptase 

to PCR amplification and agarose gel electrophoresis. We were surprised to find not one, but 

multiple bands indicating differently-sized transcriptional products (Figure 5.4A). The PCR 

primers used for this amplification were expected to produce a segment of the Im HAP2 coding 

sequence 701bp long, spanning the second two introns. However, larger amplicons were 

observed on the gel just above and below 800bp. To discern what accounted for the differences 

in size observed in these products, we excised and extracted DNA from gel slices, TOPO-

cloned the purified PCR products, and sent the resulting plasmid clones for sequencing.  

Sequencing showed that the differences observed in the sizes of these cDNA products were 

due to intron retention, which appeared to occur more frequently in trophont stage parasites 

(Figure 5.4B). The observed pattern of intron retention at different stages of the parasite life 

cycle is suggestive of a regulatory role for the processing of Im HAP2 transcripts.   

 

The I. multifillis HAP2 ectodomain does not function in T. thermophila sexual cell fusion. 

Previous results have indicated that the Im HAP2 protein is predicted to adopt an overall 

fold that is similar to that of class II viral fusogens (Chapter three).  In Figure 5.5A we report a 

partial Im HAP2 ectodomain structural prediction made by the template-based structural 

modeling platform Phyre2.  Structural homology to the Dengue virus envelope glycoprotein 

(PDB ID: 3UAJ)[39] was detected at 95.2% confidence (17% sequence identity) to a 196 amino 

acid stretch (equivalent to 27% coverage) of the Im HAP2 ectodomain, just proximal to the 

HAP2-GCS1 domain (specifically, residues #103 to 298 of the Im HAP2 protein sequence).  The 

predicted model captures domains typical of class II fusion proteins, namely portions of domain I 

(red) and domain II (yellow), with the latter containing the predicted Im HAP2 fusion loop 

(circled).  Alignment of the two Phyre2-predicted HAP2 structures from T. thermophila and I. 
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multifiliis demonstrated some degree of structural similarity (Z score = 8.4)[40,41] despite the 

differences in primary sequence of the proteins and the fact that the models were constructed 

based on different template structures (data not shown). Because of this structural similarity, we 

decided to test whether the Im HAP2 ectodomain was sufficient to functionally replace 

Tetrahymena’s ectodomain in sexual cell fusion events in the latter species.  

An interspecific chimeric HAP2 gene construct was made containing the coding 

sequence for the Im HAP2 ectodomain with a T. thermophila HAP2 transmembrane and 

cytosolic domain and a C’ terminal GFP tag, and introduced into the endogenous macronuclear 

HAP2 locus of two T. thermophila HAP2 deletion strains (mating type VI, ΔHAP2-427 and VII, 

ΔHAP2-428) by homologous recombination (Figure 5.5B). Although GFP fluorescence was not 

readily observed when strains harboring the chimeric constructs were mated, anti-GFP 

antibodies demonstrated that the recombinant protein was expressed and correctly localized at 

the conjugation junction, an area of dense fusion pore formation between the two mating cells 

(Figure 5.5C).  We then tested the fusogenic functionality of Im HAP2 chimeras in crosses with 

both WT and ΔHAP2 deletion mating partners (Figure 5.5D) using a flow cytometry-based cell-

cell fusion assay developed for T. thermophila described in Chapter 3. Briefly, this assay allows 

for the sensitive and high-throughput detection of cells that have mutually exchanged 

fluorescently labeled cytosolic protein as a result of membrane fusion during normal 

Tetrahymena mating.  Similar to previous findings in plants where the HAP2 ectodomains of 

divergent species were not interchangeable[42], we found that the Im HAP2 chimeras were not 

competent in rescuing Tetrahymena sexual cell fusion events.    
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Figure 5.4 Intron retention in HAP2 transcripts during early infection. cDNA samples from 
different parasite stages were PCR amplified with primers spanning the second two introns in 
the ImHAP2 gene sequence. (A) Representative gel showing RT-PCR products from different 
I.multifiliis life stages. Note the different sized bands in the trophont and tomite samples 
indicating the presence of transcripts of different lengths. In this study, trophonts were collected 
from the same fish at 7 days and 9 days post-infection. (B) A pictoral representation of entire Im 
HAP2 coding sequence (top), and the potential amplicons (bottom) generated by PCR with the 
primers used (arrows). Exons are represented by black rectangles, and excised introns by thin 
grey crooked lines.  Non-excised introns are shown as thick grey rectangles. Shown to the right 
are their expected sizes of potential amplicons in base pairs (bp), and immediately to the right of 
that the number of sequenced clones from each parasite sample denoted by a subscript.  The 
code (R=tRophonts, O=tOmites, H=tHeronts) is colored in accordance with the sample identity 
shown in (A). No sequences were obtained for the potential 743bp amplicon.     
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Figure 5.5 Functional testing of an interspecific I. multifillis HAP2 chimera.  
(A) The PHYRE2 structural prediction engine was used to render a partial-predicted 3D model 
of Im HAP2 (left). The location of the fusion loop is indicated by a black circle.  An alignment of 
this prediction to the T. thermophila HAP2 protein (grey) is shown to the right. (B) A schematic 
outlining the approach used for generation of the Im HAP2 chimeric T. thermophila cell lines.  
The top cartoon shows the gene construct used for transformation encoding an open reading 
frame containing the Im HAP2 ectodomain, T. thermophila HAP2 transmembrane and 
endodomain, and a GFP tag (large arrow), as well as the 5’ and 3’ HAP2 flanking regions (light 
blue rectangles) used for homologous recombination (indicated by dashed grey lines and X), 
and a cycloheximide (CyR) resistance cassette used in selection. The bottom cartoon depicts 
the endogenous HAP2 locus of the ΔHAP2 deletion cell lines used for this transformation. (C) 
Immunofluorescence images of representative mating pairs of T. thermophila that were fixed 
and stained with anti-GFP antibodies to localize chimeric HAP2, and Hoescht  33258 to stain 
nuclei. In each case pairs consisted of a HAP2 wild type (WT) cell mated with an Im HAP2 
chimeric cell lines of opposite mating type. A fluorescence-only (left) and merged phase-
fluorescence images (right) are shown for each mating pair.  Scale bar is 10μm. (D) A bar chart 
showing the mean +/- s.d. percent fusion for different crosses between WT, HAP2 deletion 
(ΔHAP2) and interspecies chimeric HAP2 (ImTt) recombinant cell lines.  Open circles represent 
data from individual mating experiments.  On the X-axis, the mating partners in each cross are 
given the superscripts α and β to denote mating type VII or VI respectively.   
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Discussion 

While many multicellular eukaryotes flagrantly advertise their sexuality, making for 

readily distinguishable sexual habits, the private lives of most pathogenic and free-living 

eukaryotic microbes are not so easily observed[7]. The fresh-water fish pathogen, I. multifiliis, is 

one such microbe, with highly motile theronts and an obligate parasitic life style that could 

involve conjugation events on live fish. These factors cause difficulties in observation and study, 

making gene expression studies an ideal way to define the details of this parasite’s life cycle.  

Here we found that Ichthyophthirius multifiliis expresses the gamete fusogen HAP2 in 

theronts, suggestive of a sexual parasitic stage. The Im HAP2 start site was mapped using 5’ 

RACE, and HAP2 RNA expression throughout the life cycle was quantified. We also found 

evidence for control over HAP2 transcript maturation through intron retention at the earlier 

stages in the life cycle, indicating a possible regulatory role for RNA splicing in HAP2 

production. Not surpisingly, an Im HAP2 ectodomain chimera failed to rescue sexual cell fusion 

events in a related, free-living species, Tetrahymena thermophila, even though both are 

predicted to have high structural similarity to Class II viral fusion proteins.  This is likely due to 

amino acid differences between the two orthologs but could also be caused by any differences 

in the mating behavior of these two species. Together, these results provide additional evidence 

in support of a sexual life cycle in I. multifiliis, and specifically identify theronts as the 

morphological stage involved in fertilization. These results are in agreement with previous 

studies examining I.multifiliis population genetic structure[9], transcriptional profiling of 

developmental genes[13], presence of key meiotic genes[16], and cytological findings of 

parasite cell-cell fusion on infected fish[8]. However, an RNA-sequencing study would be a very 

valuable step in confirming these accumulated findings. 

Now that theront stage parasites are the key suspect for sexual activity, much also 

remains to be done to detail the species-specific biology involved in this conjugal event. One 

key question is which cells are the mating partners of sexually-active theronts? The biology of 
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most related free-living ciliates[11,24,43], would suggest that theronts likely exist in multiple 

mating types, and transiently pair and fuse to one another just prior to or during the 

establishment of infection. Another possibility could be that this mating system works more 

similarly to other anisogamous species in which HAP2 only functions in the male or “minus” 

gamete. In this case, the expectation would be for “male” theronts to fuse with a yet unknown 

female partner. While this seems unlikely, there is precedence for anisogamy in some primitive 

Karyorelictid ciliates[28,44], and previous cytological studies have found evidence of theronts 

fusing to the morphologically distinct trophonts on live fish[8], a cellular fusion event that could 

be considered anisogamous, if it is indeed sexual. 

Another important question to answer will be whether or not the sexual stage of I. 

multifiliis is an obligate or facultative part of the life cycle. The difficulty in observing a sexual 

stage in the life cycle may well be because sex is not a necessary step for infection[4,5,7]. If sex 

is facultative in Ichthyophthirius, understanding what triggers it will be important in determining 

when and why it occurs. Ciliates favored as laboratory models (Tetrahymena, Paramecium, 

Oxytricha, etc.) typically have conjugation events spurred by periods of nutrient starvation and 

the presence of an opposite, mature mating partner[11] at or around macronuclear G1 phase of 

the cell cycle[45], but other wild ciliate species have less predictable patterns. For example, the 

prolific marine planktonic oligotrich Pelagostrobilidium, has short (5.6 hr) conjugation events that 

are apparently synchronized to a diurnal rhythm, with conjugal initiation each daybreak[46]. 

Complicating matters more, if sex is a necessary step in the course of infection for these 

protozoans and a suitable partner cannot be found, it’s also possible that theronts could 

undergo a type of autogamy (or self-fertilization event) that is a regular occurence in other 

related ciliate species (e.g. Paramecium).  

  The inability to generate transgenic parasites and the nature of the obligate infection 

cycle make laboratory experiments with I.multifiliis difficult.  However, outside of expression 

studies to define a putative sexual life stage, one could envision using existing cell biology tools 
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in creative ways to study the I. multifiliis sexual cell fusion event.  For example experiments 

using the fluorescent nuclear and cytoplasmic markers Edu and CFSE respectively, could be 

applied to separate theront populations, followed by a secondary mixed infection to examine 

early trophonts for the presence of both markers in individual cells as an indicator of cell-cell 

fusion. 

Lessons from the sexual cell biology of other ciliates could also be applied to I. multifiliis 

in the examination of morphological features which may be common to a sexual stage.  For 

instance, the fast-swimming cellular behaviour of theront cells is very similar to the fast-

swimming Tetrahymena cells which develop after extended periods of starvation[47,48].  Also, 

the oral apparatus of ciliates is commonly absent before and during conjugation[49], and in I. 

multifiliis theronts, the small primitive oral apparatus matures into a large buccal cavity just 

before or during the invasion of the fish epithelium[1,50,51]. A specialized conjusome organelle 

forms nearby to the oral region during Tetrahymena conjugation[52], but the function an 

enigmatic theront-specific organelle of Lieberkϋhn in the same location has yet to be 

determined[1]. Increases in macronuclear ploidy are also characteristic of ciliate development 

after conjugation and could be analogous to similar ploidy changes observed in the trophont 

stage parasites[53]. Finally, the related ciliates Tetrahymena, Paramecium, and Euplotes all 

upregulate localized concanavalin A (Con A) receptor proteins on their membranes following 

stimulation by surface-bound or secreted pheromones in preparation for conjugation[43,54–57].  

These Con A-binding proteins have been experimentally shown to play a role in the adhesion of 

opposite mating partners during conjugation, with ConA treament early in costimulation 

completely inhibiting the subsequent pairing and mating of Tetrahymena cells[56–58].  A study 

testing the effects of lectin treatment of Ichthyophthirius theronts showed modest but significant 

reductions in trophont development and parasite invasion with lentil, gorse, and wheat germ 

agglutinin, but the lectin Con A was not tested[59].      
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Understanding how sexual conjugation fits into the Ichthyophthirius life cycle could 

clearly lead to better treatments for this detrimental pathogenic ciliate.  Not only would 

knowledge of sexual activity be important epidemiologically for tracking infectious outbreaks, but 

also for the potential utilization of transmission-blocking tools already under development for 

halting parasite-specific sexual activity.  Examples of preventative or therapeutic measures 

might include the use of fish vaccines targeting HAP2 or other sexually expressed genes[60,61], 

antimicrobial-resistant-proof small molecule drugs such as atovaquone[62], or bumped kinase 

inhibitors which block a calcium-dependent kinase signaling pathway widely important for the 

zygotic development of alveolates[3,63,64]. Finally, HAP2 may provide a window to 

understanding what other ciliate and non-ciliated unicellular eukaryotes, both free living and 

pathogenic, have cryptic sexual stages. 

 

Materials and methods 
 

Growth and Collection of Parasites and T. thermophila:  I. multifiliis G15 strain 

trophonts were collected from 4 infected juvenile channel catfish 7, 8 and 9 days after initial 

exposure. Trophonts were released from the fish epidermis by gentle rubbing, and allowed to 

develop in carbon filtered aquarium water at room temperature. Tomite stages were collected at 

7 and 16 hrs after harvesting trophonts, and free swimming theronts were collected 18-22 hours 

following trophont isolation. 

Tetrahymena thermophila strains were obtained from the Tetrahymena Stock Center, 

Cornell University (https://tetrahymena.vet.cornell.edu/) and grown at 30˚C in NEFF medium 

(0.25% proteose peptone, 0.25% yeast extract, 0.5% glucose, 33.3 µM FeCl3) and starved in 10 

mM Tris buffer (pH 7.5) as previously described in Chapters 2 - 4.  For mating, cells were 

maintained in Tris buffer for up to 48 hrs, then mixed in equal numbers to a final concentration 

of 2 × 105 cells/mL.  

https://tetrahymena.vet.cornell.edu/
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RNA isolation and cDNA generation: I. multifiliis cells were collected as described 

above, spun down and homogenized in TRIZOL (Thermo Fisher).  Total RNA was extracted and 

quantified using a QuaWell UV spectrophotometer Q3000 (Quawell Technology, Inc.) before 

being aliquoted and stored at -80°C. Just prior to reverse transcription, 5μg of total RNA was 

treated with RNAse-free DNase I (Thermo Fisher) and 1ug of this reaction product was used as 

template for reverse transcription. All cDNAs were synthesized using SuperScript III reverse 

transcriptase (Thermo Fisher) and the HAP2 gene-specific reverse primers (Sigma Aldrich) 

indicated below.  For the qPCR quantitation standard, 1μg of SP6 (Promega) in vitro transcribed 

I. multifiliis HAP2 RNA was used to generate 1⁰- strand cDNA, which was then serially diluted to 

the estimated equivalent of 100fg of starting material. A diagnostic RT-PCR of cDNA generated 

from the synthetic RNA products was performed on both these positive (synthetic RNA) as well 

as negative (noRT) controls (see Figure 5.4). A full list of PCR primers and their experimental 

uses is provided in the table below. 

5’ Rapid Amplification of cDNA Ends (5’-RACE): I. multifiliis HAP2 theront RNA was 

reverse transcribed using a PNK (New England BioLabs) phosphorylated gene-specific 

IchHAP2GSP1rev primer and treated with RNAseH (Thermo Fisher).  Reaction products were 

then purified on a Qiagen PCR clean-up column and eluted with 60⁰C sterile, ddH2O.  12μL of 

the resultant purified cDNA was then circularized in an intramolecular ligation reaction mediated 

by T4 RNA ligase (New England BioLabs) according to an approach developed by Eyal et. al in 

1999[34]. The ligation reaction (30μl) was allowed to proceed overnight  at room temperature 

and contained 3μl of 10mM ATP, 5μl of 50% PEG 8000, 4μl ddH2O, as well as 3μl of both the 

ligase and the 10x buffer provided (New England BioLabs).  A nested inverse PCR (with the 

primer sets IchHap2for2 / IchHap2GSP3.75rev, followed by IchHap2for3 / IchHap2GSP4rev, 

Tm=61⁰C, extension times of 30 and 45 seconds respectively) of single-strand circles using 

Phusion polymerase (ThermoFisher) with manual hot start allowed for isolation of products 

slightly larger than the expected size.  These blunt-ended PCR products were then cut from the 
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gel, cloned into a pCR™4Blunt-TOPO® plasmid vector (ThermoFisher) and transformed into E. 

cloni competent cells (Lucigen). The purified plasmid DNA was first restricted with EcoRI to 

identify the transformant clones that contained the 5’ RACE PCR product, and then Sanger 

sequenced at the Cornell Biotechnology Resource Center using an M13rev primer.  

Quantitative PCR: RNA was isolated from bulk I. multifiliis parasite samples collected 

from each life cycle stage as described above. cDNA was generated from 1μg of DNase I-

treated RNA using the IchHap2RNArev gene-specific primer. The primer set, IchPair1, used for 

quantitative PCR was designed using PrimerExpress3 software (Thermo Fisher) and detected 

both mature (spliced) as well as unprocessed messages. 2μl of a 4μM working stock of the 

forward/reverse primer mix, along with 0.4μl template cDNA was used in a SyberSelect 

MasterMix (Thermo Fisher) for a total reaction volume of 10μl in a 384 well plate. Reactions 

were run in triplicate for each sample (both experimental and serially-diluted quantitation 

standards) on an ABI Viia7 Real-Time thermocycler using fast cycling mode (50⁰C 2min, 95⁰C 

2min, then 40 cycles of 95⁰C 1sec, 58⁰C 30sec).  A dissociation curve was performed after the 

run, and did not contain off-target amplicons. The amount of HAP2 transcript in samples was 

determined by comparison of Cts generated from experimental samples relative to those of the 

standard curve. All statistical tests were performed using Prism 7 software (GraphPad Inc.).  A 

one-sided non-parametric Kruskal Wallis test with Dunn’s multiple comparisons post-test was 

applied to the qPCR data because low sample sizes did not allow for normality tests. From 

these tests, there was a significant difference found in the percent fusion for data from the 5 

different crosses (H5= 551.0, P<0.0001).  Although both theront samples had elevated HAP2 

transcript levels, significant differences were found only between the first theront sample and 

the tomite and trophont samples. 

Structural homology modeling of I. multifiliis HAP2: The Protein Homology/analogY 

Recognition Engine V2.0 (Phyre2) was queried under “normal” mode (as described in detail in 

chapter 3) with the newly deduced full-length amino acid sequence of I. multifiliis HAP2 (as 
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determined from the newly annotated start codon of the gene IMG5_026080) for predicted 

homologies to other known crystal structures in the protein data bank.  

T. thermophila strain generation: The ImTt HAP2 ectodomain hybrid::GFP 

Tetrahymena cell lines used in this study were made through modification of existing ΔHAP2-

428 clone 5 and ΔHAP2-427 clone 6 heterokaryon strains expressing the complementary 

mating types (VII and VI respectively) described earlier[24,65]. The mutant ImTt HAP2 

Ectodomain hybrid - GFP gene construct was prepared using overlap PCR of products derived 

from the separate amplifications of both the I. multifiliis ectodomain cDNA sequence and the 

cytosolic cDNA coding region of T. thermophila. The reverse and forward primers from each of 

these respective primer sets contained extended sequence with complementarity to the 

opposite product, allowing for a third PCR reaction to seal the two amplicons together. After 

overlap, the BclI and MluI restricted PCR product was ligated to a similarly restricted pMTT1-

NRK2-GFP plasmid vector[66] for purpose of attaching the GFP coding sequence to the 3’ 

terminus of the gene.  Transformed plasmid DNA was then subsequently amplified with primers 

X and Y in order to attach 5’ BamHI and 3’ KpnI sites for subsequent cloning.   

The aforementioned PCR product was then gel purified and cloned into a previously 

constructed “HAP2 rescue vector” which contained a pHrpl29-B cycloheximide resistance 

cassette and is described at length in Chapters 2[24] and 3. BamHI and KpnI restriction sites 

were used for insertion via T4 DNA ligase (New England BioLabs) of the restricted ImTt HAP2 

Ectodomain hybrid -GFP coding sequence (Figure 5.5b) into this vector prior to transformation 

and amplification in E. cloni 10G competent cells (Lucigen)[24]. 

Somatic (macronuclear) transformation of linearized plasmid DNA was performed as 

stated earlier for T. thermophila, with ΔHAP2 target cells first grown to late log phase (~1 × 106 

cells/mL) in NEFF medium and then starved overnight in 10 mM Tris buffer (pH 7.5) for 24 h at 

~2 × 105 cells/mL prior to biolistic transformation bombardment[67] using a PDS-1000/He 

Biolistic Particle Delivery System (Bio-Rad). Positive transformants were selected and pushed 
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to complete macronuclear replacement by growth in NEFF medium containing 25-50 µg/mL 

cycloheximide. The transformant clones isolated and used in this study were named ImResc427 

clone 5 and ImResc428 clone 1.  Other T. thermophila strains used were the HAP2 wild-type 

cell lines (CU427.4 and CU428.2) and ΔHAP2-428 and ΔHAP2-427 clones generated in 

previous studies[24].  

Flow cytometry assays for cell-cell fusion: Complementary mating types of the 

indicated T. thermophila cell lines were grown and placed in starvation medium (10 mM Tris 

buffer, pH 7.5) for 24 hr and then labeled with amine reactive dyes and subjected to mating and 

subsequent flow cytometry acquisition as outlined in Chapter 3.  Briefly, prior to labeling, 7 × 106 

cells were washed once in 0.1 × PBS and resuspended 1 mL of the same buffer. Then, 1mL of 

0.1x PBS containing either 20 µM CFSE (Affymetrix eBioscience) or 10 µM CTFR (Life 

Technologies) was added, and cells were incubated in the dark for 5 min at room temperature 

(RT), or 15 min at 30˚C for CFSE and CTFR, respectively. NEFF media was immediately added 

to quench unincorporated label and cells were washed and resuspended in 10 mM Tris (pH 

7.5), maintained overnight, then washed again the following day and mated for 16-20 h at 30˚C 

in petri dishes (0.5–2 × 106 total cells/dish). Following mating, exconjugant cells were 

centrifuged (350-400 × g), fixed with IC Fixation buffer (Affymetrix eBioscience) and 

resuspended in 1 × PBS containing 0.3% BSA prior to acquisition on a BD FACSCantoTM II Flow 

Cytometer. 

A minimum of 30,000 events were acquired for each mating reaction and data were 

analyzed using FlowJo software (FlowJo LLC). The criterion for inclusion in the functional 

analyses was a pairing frequency of >60% in mating cultures 3 hr post mixing. Sample sizes for 

the crosses tested (Figure 5.5C) are listed in parentheses below with the total number of 

biological replicates over all experiments (i.e., the total number of individual matings) listed first, 

followed by the total number of independent experiments performed for each cross: WT α x β(10, 
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3); WTα x ΔHAP2β (10,3); ImResc427cl.5 β x WTα (9, 4); ImResc427cl.5 β x ΔHAP2β (3,1); 

ImResc428cl.1α x WT β (3,1); ImResc427cl.5 β x ImResc428cl.1α (3,1). 



 

190 
 

Table S-5.1 PCR Primers: 
 

Primer Namea Sequence  5’→ 3’ Primer Useb 

ICHTtHap2EctoHybrev GCTACTCCTGCAATTGAAGCAATG
CCAGTTCCTAATGTTTTAAAACC 

ImTt HAP2::GFP 
Construct 

TtIchHap2HybtranmemFor GGTTTTAAAACATTAGGAACTGGCA
TTGCTTCAATTGCAGGAGTAGC 

ImTt HAP2::GFP 
Construct 

NEWICHHap2BclIfor GATTACTGATCATGTTTAAATAGAT
AAATTTTTTTCTTATTTTAATC 

ImTt HAP2::GFP 
Construct 

NEW3’GFPHap2MluIrev TATACGACGCGTCTTTCAATTAGTA
GATAGAGAGGAGATGTTG 

ImTt HAP2::GFP 
Construct 

ICHHap2BamHIF GATTACGGATCCATGTTTAAATAGA
TAAATTTTTTTCTTATTTTAATC 

ImTt HAP2::GFP 
Construct 

ICHHap2KpnIR atatacGGTACCTCACCCCATGATtttgt
atagttc 

ImTt HAP2::GFP 
Construct 

IchHap2Sp6RNAFor 
GATTTAGGTGACACTATAGAAATGT
TTAAATAGATAAATTTTTTTCTTATT
TTAATC 

in vitro transcription 

IchHap2RNArev GCCAGTTCCTAATGTTTTAAAACC qPCR 
IchPair1 For ATATTCGATTCACAAGGTTTTTGCT qPCR 
IchPair1 Rev TCTCATTACTTCTTTTCCCAAACCA qPCR 
IchHap2For1  GTGACGAAATCTCCTGTTGTAGC RT-PCR 
IchHap2GSP2rev CCATTTTCTCTCCTAAATGCAG RT-PCR 
IchHAP2GSP1rev GGAATCCATTTCTATTGTAATTAAT

G 5’RACE 
IchHap2for2 GCTAGCGCTCATTGTTTACG 5’RACE 
IchHap2GSP3.75rev CAGCTGCTCCACATTTACAG 5’RACE 
IchHap2for3 CCGCGGAAATTTAATTCTTAAC 5’RACE 
IchHap2GSP4rev CCACATGTTGGTGAATCCTC 5’RACE 
M13Rev CAGGAAACAGCTATGAC Sequencing 

 

*All primers used in this project were supplied by Sigma-Aldrich, stored as 100 µM stock 
solutions, and diluted to 10µM working solutions prior to use in PCR reactions. Tms were 
determined using Modified Breslauer's thermodynamics, dH and dS parameters as 
recommended by the manufacturer.
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Sex without cell fusion: a case for autogamy in the ciliate 
Tetrahymena thermophila 
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Abstract 

The ability of individual cells to form new macronuclei from meiotic germline micronuclei in the 

absence of sexual cell fusion - referred to as autogamy – has been well described in various 

ciliate species.  Nevertheless, despite years of study, the phenomenon has yet to be reported in 

Tetrahymena thermophila. A recent attempt in our laboratory to generate macronuclear 

transformants via introduction of foreign genes into the MTT5 gene locus suggest that, under 

certain conditions, autogamy may occur in T. thermophila as well. We report these short 

observational findings both to highlight the unexpected (and often unpublished) variation in 

transformation efficiency of biolistic-mediated homologous recombination into different 

Tetrahymena macronuclear loci, as well as to encourage further hypothesis-based testing in 

model ciliate species for identification of the environmental and genetic factors which influence 

the developmental decision between autogamy and sexual fertilization.   
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Introduction 

Parthenogenesis is a form of asexual reproduction that does not require cellular fusion 

between heterologous gamete cells, instead orchestrating development of a new organism from 

only one parent’s germline genome. A spectrum of single and multi-cellular organisms obligately 

or facultatively reproduce in this way, but the factors which allow for the adoption of this 

reproductive pathway are not well understood[1].  

Autogamy and cytogamy are two forms of parthenogenesis that are common in single-

celled ciliated protozoans[2,3].  Broadly, both terms refer to the development of a new 

transcriptionally-active somatic macronucleus from the silent meiotic germline micronucleus of a 

single parental cell, however the cellular circumstances surrounding these two processes are 

quite different. Cytogamy is often seen as a conjugal mistake during ciliate sex, where cells of 

opposing mating types pair and undergo meiosis, but then a failure of pronuclear exchange 

leads to the zygotic product of only one parental cell’s pronuclei being used as a template for 

development[4]. In autogamy, however, the parent cell initiates meiosis and macronuclear 

development independent of the presence of a mating partner, as an adaptive reaction to 

certain intrinsic and environmental stimuli[5–8]. But despite the uncertainty around how this is 

accomplished, there are clear reasons why facultative autogamy would be beneficial to ciliates. 

Autogamy, like parthenogenesis or fertilization, is a process allowing for genome self-renewal 

through corrective meiotic cross-over events (during gametogenesis) which can ultimately 

increase the chances of advantageous adaptation to changing environments.  

Normal ciliate sexual conjugation involves the transient pairing and exchange genetic 

material between mating cells, which then develop into their own progeny. Because of this fact, 

it is clear that both cells involved have all the molecular machinery necessary to make a new 

organism.  What is unclear is how some ciliate species have individual control over the initiation 

of development, while others do not. In ciliates with obligate sexuality, there is likely a key 

intercellular “communication” event during mating that incites the developmental cascade, 
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whereas in autogamous ciliates, this signal must be controlled by a single parent. Being 

semelparous in nature, individual ciliates are only afforded one reproductive episode per 

somatic lifetime. If an obligately sexual cell is starving but without a suitable mating partner, they 

will lose their chance to reproduce and die.  In situations like this, incest is preferable to 

extinction, making the ability to self-initiate development particularly advantageous for continued 

individual survival under circumstances where a mate might be difficult to find[1,5]. 

Parthenogenetic development holds another benefit in ciliates, as the transcriptionally silent 

germline nucleus might house a treasure-trove of accumulated beneficial mutations allowing for 

the potential future success of daughter cells[9]. 

Yet, despite the benefits of facultative autogamy, it’s frequency varies widely among 

different ciliate species[5]. As a phylum, ciliates contain both obligately sexual, facultatively 

autogamous, and obligately asexual species. Autogamy is known to occur naturally and with 

regularity in ciliates of the Paramecium aurelia complex[7], especially with increased clonal age 

or low physical interactions between mating types during starvation[5,7,10].  This has been an 

especially useful genetic tool for Paramecium researchers to create whole genome homozygote 

strains making it possible to perform mass-screening for recessive mutations[2,6]. Other ciliates, 

like Tetrahymena thermophila, however, are obligately sexual and autogamy has never been 

observed. This makes the generation of whole genome homozygote cell lines much more 

difficult, involving either conjugal tricks employing mating partners without functional micronuclei 

(star strains) or hyperosmotic shock to increase the frequency of cytogamy[2,4,11–13].  A 

valuable tool for researchers using Tetrahymena thermophila might be a protocol that allows for 

the generation whole-genome homozygote strains without such complicated cellular 

manipulations. 

In this study, we accidently observed what appear to be chance occurrences of 

autogamy in the model ciliated protist Tetrahymena thermophila while attempting to introduce 

gene products into what we discovered to be a rather intractable macronuclear locus. 
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Specifically, we used a gene construct carrying a cycloheximide (Cy) resistance cassette in an 

effort to express mutant forms of the presumptive gamete fusogen, HAP2, in a HAP2 deletion 

CU427 cell line.  These cells were mating type VI and carried a paromomycin (neo) resistance 

marker at the deleted HAP2 locus of their macronuclei.  After biolistic bombardment and 

selection in increasing concentrations of Cy, individual drug resistant clones were isolated. 

Surprisingly, PCR results revealed that these cell lines had not undergone the typical genetic 

transformation. Instead, the Cy-resistant clones isolated were wild type at the MTT5 locus (no 

incorporation of the transgene at the target locus) and had gained sensitivity to paromomycin 

(lost their parental resistance marker).  Additionally, while parental CU427 cell line was 

uniformly mating type VI, the majority of “pseudotransformants” had switched their mating type.  

Because CU427 is a heterokaryon strain which contains a Cy resistance marker in its germline 

micronucleus, the most likely explanation for these findings is that these “pseudotransformants” 

were actually the products of autogamy, and had gone through a round of new macronuclear 

development at some point during the transformation process. Routine microscopic 

observations before biolistic bombardment revealed no evidence for pairing (that is, “selfing,” or 

other strain contamination).  Because cadmium was added to the medium to “loosen up” the 

MTT5 locus during introduction of the selection cassette, we surmise that autogamy may have 

occurred in limited numbers of cells in response to heavy-metal stress. 

From a practical standpoint, these results highlight the unexpected (and often 

unpublished) variation in transformation efficiency of biolistic-mediated homologous 

recombination into different Tetrahymena macronuclear loci, and open the possibility that 

additional tools could be developed to facilitate in the generation of whole-genome homozygote 

strains in Tetrahymena thermophila.  From a more basic perspective, these findings display the 

potential utility of single-celled parthenogens in answering basic research questions regarding 

the environmental and genetic factors controlling the cellular choice between parthenogenesis 

and sexual fertilization in the initiation of development. 
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Results 

Attempted transformation of the MTT5 locus 

 The original goal of this project was to introduce altered versions of the gamete fusion 

protein HAP2’s coding sequence into the macronuclear MTT5 locus for stable, cadmium-

inducible over-expression during conjugation. We considered this to be a fairly straightforward 

endeavor for several reasons including that another metallothionein locus (MTT1) is routinely 

used as a destination locus for gene introduction[14–16], the MTT5 promoter is commonly used 

to initiate high levels of transcription for heterologous gene expression[14,17], and constructs 

with the MTT5 promoter and termination flanking regions already exist and are used frequently 

in our lab as shuttle vectors into larger plasmids.  The MTT5 vector used in this study (Figure 

6.1A) was designed to replace the MTT5 gene’s open reading frame with that of a gene 

sequence encoding a HAP2 cDNA isoform, an MTT1 termination region, and a cycloheximide 

resistance cassette (Cy-r) (for identification of transformant cell lines).  The target cell line used 

for biolistic transformation was a predominantly ΔHAP2-427 cell line created in previous work 

(see Chapter 2 and 3) in which a paromomycin resistance cassette completely replaced the 

HAP2 coding sequence at the endogenous macronuclear locus[18].  This heterokaryon cell line 

had a different genetic identity in its transcriptionally expressed Mac than in its transcriptionally 

silent Mic.  Phenotypically, it was mating type VI, paromomycin resistance and cycloheximide 

sensitive(Mac), but was homozygous for cycloheximide resistance in its Mic (a marker which 

had been useful for the previous genetic analyses done in Chapter 2). Due to the relative lack of 

good alternative selectable markers in Tetrahymena[19], and the fact we were only interested in 

somatic modifications to the Mac in the proposed study, we aimed to simply use the 

cycloheximide resistance cassette to introduce modified versions of HAP2 (Figure 6.1A) into the 

phenotypically cycloheximide-sensitive Mac genome, then isolate resistant transformants.   

To reduce any possible heterochromicity that could impede homologous recombination 

at the MTT5 locus it is normal to add 1μg/mL CdCl2 to the recovery growth medium after biolistic 
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transformation. After a couple of initial unsuccessful transformation attempts, we also began 

adding 0.1μg/mL CdCl2 to the starvation medium before transformation as well. As is done 

routinely before transformation of Tetrahymena thermophila, the starving cells were examined 

microscopically (Figure 6.1C) and found to be slender, single cells, with one Mic and one Mac - 

although there were rather unusual but rare instances of what appeared to be two Mac, one Mic 

cells (Figure 6.1D).  

Great difficulty was experienced when attempting to transform these cells at the MTT5 

Mac locus (Figure 6.1E).  From 55 individual transformation attempts a total of only 156 

cycloheximide-resistant cells were isolated, of which, 39 clones were saved for further 

experimentation.  This was a much lower frequency than expected for normal biolistic 

transformation in Tetrahymena thermophila[20], and there was also much variability observed in 

the number of transformants isolated in each shot, with four shots on 2/19/2015 yielding 135 of 

the total Cy-resistant cells, whereas other successful shots only had Cy-resistant clones 

obtained in the single digits.  Furthermore, the Cy-resistant clones recovered exhibited 

abnormal conjugal behavior just after shooting, including extremely low-to-no pairing in 

preliminary mating experiments.  It did not appear that the low efficiency of “transformation” was 

in anyway due to the shooting conditions, as other transformations were being successfully 

performed at this time in the lab into other Mac loci with different transformation vectors.  Low 

transformation success also did not appear to be an effect of the HAP2 gene in the vector or the 

target cell line used, as attempted shots of two other different gene products (the I. multifiliis I-

antigen and Brambleberry) into the MTT5 locus of different target cell lines using the same 

MTT5 flanking regions gave similar low-to-no “transformant”-yielding results (data not shown).                

Macronuclear identity of the pseudotransformant clones 

To ensure that the few Cy-resistant clones we isolated were true transformants which 

had incorporated the HAP2 cDNA at their MTT5 locus, we extracted genomic DNA from 7 of the 

39 saved “transformants” as well as four control strains (ΔHAP2-CU428, ΔHAP2-CU427, WT 
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CU428, and HAP2 cDNA Rescue) which all contained the normal endogenous MTT5 locus and 

performed PCR using primers flanking the MTT5 locus (Figure 6.2A).  Using these primers, the 

MTT5 locus in wild-type cells yields a 914bp PCR product, which was noticeably unchanged in 

all 7 Cy-resistant clones tested, indicating a lack of transformation at this locus. Primers were 

also used to detect the entire open reading frame of HAP2, in case homologous recombination 

had mistakenly occurred at a different locus (Figure 6.2B). If recombination had not occurred at 

all we expected there to be no product at all as the target cells we had used for shooting were 

deleted for HAP2 in their Mac. Surprisingly, there was a PCR product for HAP2 in these Cy-

resistant cells, but only at the size of the genomic 2.8kb version of HAP2 (note the HAP2 cDNA 

Rescue control of a shorter size, 2.2kb). These results confirmed that these Cy-resistant clones 

were not the true products of successful biolistic transformation as they lacked the incorporation 

of HAP2 cDNA at the mtt5 locus.  Furthermore, Cy-resistance phenotype in the absence of 

successful transformation in these heterokaryon cells was indicative of obtaining expression of 

both Cy-resistance and a genomic HAP2 from their genetically-distinct Mic through a new round 

of macronuclear development.  Therefore, the most plausible initial explanation for these results 

was fertilization-induced Micronuclear development, whereby a new expressed macronucleus is 

generated from the Mic.  However, since there was not a complementary mating type present in 

these transformation experiments, and T. thermophila has an obligate sexual life cycle, where 

the presence of autogamy has never been reported, this explanation seemed unlikely.  

To further explore this possibility, we looked at other phenotypic macronuclear markers 

of these cells to see if they were consistent with this hypothesis.  As the target cell line shot was 

originally mating type VI, and paromomycin-resistant, if these pseudotransformants were the 

results of a new-round of Mic development they would have lost both markers, instead adopting 

the expression of only the traits present in the target cell’s germinal Micronucleus. After 

fertilization in Tetrahymena thermophila, adolescent cells do not inherit, but rather randomly 

select their mating type in a period of clonal immaturity where they are incapable of forming 
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pairs and mating[21,22]. Specifically, since the development of this new mating type in T. 

thermophila requires the formation of a new somatic MAC, the expression of a different mating 

type in the pseudotransformants would be particularly indicative of a new round of macronuclear 

development.  

Several weeks after isolation of the pseudotransformants we performed mating-type 

tests on 32 out of 39 of the saved clones (Figure 6.2C-F).  Mating type tests are based on the 

ability of any nutritionally-starved T. thermophila clone to form pairs and mate with any of the 

other six mating types but not its own, allowing for identification of a clone’s mating type by its 

proclivity to pair with the other mating types[5].  To do these tests en masse we first starved 

cells of a mating type panel (mating types I –VI), and pseudotransformant clones to be tested in 

separate plates (Figure C,D), then mixed the contents of these plates together for mating in a 

separate 96 well plate (Figure 6.1E) so that every pseudotransformant clone was tested in a 

mating with each of the seven mating types. Mating-pair formation was monitored three hours 

after mixing cells together for these experimental clones as well as control cell lines of known 

mating type (HAResc427cl7 [MT=VI] and ΔHAP2CU428cl5[MT=VII]), and the target cells shot 

(ΔHAP2CU427cl6 [MT=VI]).  We did find that the pseudotransformant clones tested expressed 

all different mating types rather than the mating type VI of the cell line shot, with a tendency 

towards MT IV, which is more commonly selected under the temperature-controlled settings 

typical of laboratory settings (personal communication, Dr. Donna Cassidy-Hanley).  

Additionally, all clones tested showed a single mating type, a somewhat unusual outcome for a 

typical Tetrahymena conjugation event, which generally yields four karyonid cells after 

exconjugant cell divisions that can all independently adopt a different mating type[21]. Likewise, 

when 12 of these pseudotransformant clones were tested for their growth and resistance to the 

drug paromomycin (Figure 6.2G-H) they died, while control strains and the target cells shot 

(which are known to be resistant) thrived in the presence of the drug. Together with the genetic 

identity of MTT5 and HAP2 locus in the Mac in these pseudotransformants, the phenotypic 
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mating type and drug-resistance changes in these cell lines were all consistent with a 

fertilization-induced round of macronuclear development. 

Micronuclear identity of the pseudotransformant clones 

While it was clear from the macronuclear phenotype that the pseudotransformant clones 

obtained from attempted transformation of the MTT5 locus were the result of a new Mac being 

generated from the Mic of this cell line, it was not certain what circumstances had led to this 

unexpected development. We predicted three distinct scenarios that could have led to Mac 

development in this case, and conceived a series of genetic crosses that might enable us to 

discern the parentage of these unusual clones (Figure 6.3).   

It was possible that Mac development could have been initiated by either one, 

autogamy, two, “selfing” in which Tetrahymena of similar mating types pair, or three, low level 

contamination with cells of a different mating type / genetic background.  Selfing seemed 

unlikely, as these strains did not exhibit that tendency in any of the previous mating type assays 

described, plus no previous reported studies could be found correlating higher incidences of 

cytogamy with selfing in T. thermophila[23,24]. However, although careful microscopic 

examination of starving cells before transformation did not lead to any observation of cellular 

pairing, the extremely low occurrences of these pseudotransformants meant that low level 

contamination or “selfing” could have been missed due to their low frequency.  

To rule out contamination as a possible cause of these events, it was necessary to 

determine the Mic genotype of the pseudotransformant clones. Since the new Mac and Mic of 

progeny cells is the zygotic product of the two Tetrahymena parent cell’s Mics, we predicted two 

possible genetic identities of the pseudotransformant strain’s Mics.  One, was that they were 

homozygous for Cy-resistance (Cy-r/Cy-r, Figure 6.3A) and were the products of either 

autogamy, or maybe selfing (i.e. nuclear fusion of the Mic products from a single parent).  The 

second possibility was that they were heterozygous for Cy-resistance (Cy-r/Cy-s, Figure 6.3B) 

and had been the unobserved result of a fertilization event with a contaminating cell line. 
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Because the diploid germline Micronucleus of the Tetrahymena is transcriptionally silent, 

the only way to find out whether these pseudotransformant strain’s Micronuclei were 

heterozygous or homozygous for cycloheximide resistance was through a genetic analysis of 

their progeny cells (when their Mic would be brought into expression in the form of a new 

transcriptionally-active Mac). Since the Mac is polyploid and divides amitotically, any genetic 

resistance in the Mac, whether originally from a heterozygous or homozygous Micronucleus is 

expressed. 

Therefore, depending on the two predicted Mic genotypes, we then expected two 

possible different frequencies of Cy-resistance in progeny generated by any given 

pseudotransformant outcross, either 100% Cy-r or 50% Cy-r (Figure 6.3, bottom). If the 

pseudotransformants were the result of a fertilization event with a contaminating strain, then 

whether outcrossed with either the CU428.2 cell line (which contain a Mic 6-methylpurine 

resistance [mp-r] marker) or a B2086.2 cell line, we could then predict 50% of all true progeny 

cells would be Cy-r. To determine the drug resistance frequency in progeny, individual mating 

pairs from these crosses were isolated and their offspring were grown in 96 well plates and 

surveyed for both immaturity (a non-pairing phenotype which is a hallmark of true Tetrahymena 

progeny) and their drug resistance phenotypes. 

Eight pseudotransformant strains were tested in these outcrosses with the cell lines 

CU428.2, B2086.2, or both.  In the case of B2086.2 outcrosses, cellular immaturity was used as 

the predominant marker of true progeny cells, whereas in CU428.2 outcrosses (which had Mic 

mp-r marker), 6-methylpurine and immaturity were both used as markers of true progeny.  We 

found that in both outcrosses, all the true progeny isolated were 100% Cy-r, thus ruling out the 

possibility of fertilization with a contaminating strain (that didn’t have Cy-r in its Mic) as the 

source of the pseudotransformants (Figure 6.4A-D). 
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Figure 6.1 Results of attempted MTT5 locus transformation 
(A) The transformation vector designed for targeting the HAP2 cDNA into the MTT5 locus (top) 
is shown with its cycloheximide resistance cassette (CyR) placed downstream of HAP2 before 
the MTT5 3’ flanking region. Below, a model of the endogenous MTT5 Macronuclear locus is 
shown with dashed lines and X’s indicated expected regions of homologous recombination. (B) 
A model of the target cell line used.  This strain was a somatically modified version of the 
CU427.4 (mating type VI) cell line in which the endogenous HAP2 gene was deleted through 
replacement with a neomycin cassette conferring resistance to the drug paromomycin. These 
cells were also functional heterokaryons carrying Cy resistance (Cy-r) in their transcriptionally 
silent Micronuclei, but maintaining Cy sensitivity (Cy-s) in their expressed macronuclei. (C-D) 
Fluorescence and phase Microscopy showing the nuclear morphology of the starved, target 
cells described in (B).  In both (C) and (D) DAPI nuclear fluorescence (left) show the positioning 
of micro- and macronuclei, where as phase images show the locations of individual cells.  Note 
the lack of cell pairing. Red arrows in (D) point to cells containing two macronuclei.  Scale bars 
are 20μm. (E) A table detailing the results of several biolistic transformation attempts into the 
MTT5 locus with the transformation vector described in (A).  # of “Transformants” heading 
indicates the number of cycloheximide resistant progeny clones resulting from shots on the 
dates given. 
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Figure 6.2 Macronuclear identity of pseudotransformants. 
(A) A DNA gel electrophoresis showing PCR results from amplification across the MTT5 locus 
of genomic DNA isolated from seven of the Cy-resistant, “pseuodotransformant” clones, as 
designated by an alpha-numeric labels (clones were from different shot dates in Figure 6.1E). 
The endogenous MTT5 gene yields a 914bp product. The expected size for the PCR product of 
a true transformant incorporating the HAP2 gene at this site would be 2,882bp.  (B) A DNA gel 
electrophoresis showing PCR results from amplification across the HAP2 locus in the same 
seven clones as in (A).  The target cells were expected to have a HAP2 deletion. Instead, a 
PCR product corresponding to the genomic HAP2 (2.8kb) was present in all clones. In both (A) 
and (B), DNA extracted from WT (CU438.1 & CU428), HAP2 cDNA Rescue (2.2kb), and 
ΔHAP2 strains were used as controls. (C - F) A diagram outlining the experimental set-up and 
mating type test results for 32 of the “pseudotransformant” clones. Two master 96 well plates 
were created where in one plate (C), each of the seven Tetrahymena thermophila mating types 
was grown in a separate row and in the second plate, (D) each “pseudotransformant” clone was 
grown in a separate column. Once grown to log phase (~1 x 106 cells/mL),  both plates were 
replicated into separate plates containing 10mM Tris starvation media (equivalent to C & D). 
After one day of starvation, starving clones were replicated into the same plate (E) containing 
starvation media to initiate the mating type test.  Negative controls are highlighted in blue and 
purple and positive control clones of known mating type are in blue text (D). The mating type 
test results for each clone are wells highlighted in yellow. (F) Tabular results of the mating type 
tests as described in (C-E) for 32 of the “pseudotransformant” clones identified. (G-H) A 
schematic and table showing the results of cellular growth tests of 12 “pseudotransformant” 
clones to the drug paromomycin.  (G) schematic showing that pseudotransformant clones 
originally growing in Cy-containing media were transferred to a separate tube containing normal 
growth media supplemented with paromomycin (Pm). (H) After four days of incubation, the Pm 
growth-tolerance results for each clone were tallied.  Positive (Pm-resistant cell lines ΔHAP2 
CU428 and HAP2 cDNA Rescue) and negative (CU427.4) control cell lines in blue text showed 
the expected phenotype.             
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Other important mating characteristics of the pseudotransformant strains were also 

found through doing these outcrosses.  Several pseudotransformant strains, especially the 

clones HA-9, C2-1, and C2-2, had lower than expected pair survivorship during isolation 

(meaning cell pairs died rather than completing or aborting conjugation) (Figure 6.4B).  Of the 

remaining pairs that survived mating, there was also wide variability in the number of pairs 

leading to “back-outs”, which is a Tetrahymena-specific mating phenomenon where parental 

cells abort sexual conjugation for unknown reasons, choosing instead to keep their old parental 

macronuclei. “Back-outs” were scored based on their continued cellular maturity (ability to pair), 

and for CU428.2 crosses, the lack of 6-methylpurine resistance. In a typical wild-type cross, less 

than 10% of pairs isolated lead to such back-out events[18], but with pseudotransformant 

strains, the percentage of back-outs was as high as 80% (Figure 6.4C).  Crosses with the 

highest percentage of “back-outs” were those cell lines mated to the B2086.2 cells, as well as 

the HA-9 pseudotransformants.  Lastly, although all viable true progeny were also Cy-resistant 

in these pseudotransformant outcrosses, the percentage of true progeny obtained from each 

individual cross was also widely variable (Figure 6.4D). These results show not only that the 

pseudotransformant strains likely resulted from autogamy, but that these strains also have very 

abnormal behavior and low fertility in subsequent mating events.        

Testing the induction conditions for autogamy 

 Due to the variable efficiency of pseudotransformant generation by the biolistic 

transformations performed in Figure 6.1, it was unclear what conditions were necessary to 

stimulate the autogamous-like events that were occurring in these cells. It was also unsure 

whether low unobserved levels of selfing may be triggering cytogamy in this cell line leading to 

these results.  Fortunately, it has been previously reported that high concentrations of Tris-HCl 

starvation medium, such as 60mM,  can be used to block pairing and mating events in T. 

thermophila[25].  Therefore, we expected that if we starved cells in 60mM TrisHCl, we would not 

obtain any pseudotransformants.  At the same time, we were unsure of whether the biolistic 
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transformation event itself was playing any role in stimulating Mic development, or if it was 

simply the metabolic cellular transition between growth, starvation, and then growth again that 

was having this effect.  We also wanted to test other heterokaryon cell lines (cells that have 

silent drug resistance markers in their Mics but drug sensitivity in their Mac) to see if this was a 

cell line intrinsic problem or something more universal to other inbred lab strains of T. 

thermophila.  

We performed a series of experiments in which different environmental and cellular 

conditions were altered to see if we could define the conditions necessary to spark this 

abnormal autogamy in Tetrahymena thermophila. We found that in the majority of conditions 

tested, there were very few-to-no pseudotransformants generated (Table 6.5).  Those tests 

which did produce pseudotransformants though, did provide valuable insight.   

In the first of such conditions, we got one pseudotransformant clone from starvation in 

0.1μg/mL CdCl2- containing 60mM Tris medium.  This implied that selfing is likely not a cause of 

these developmental events because Tetrahymena cells are known not to pair in 60mM Tris.  It 

also suggested that the cellular stress of biolistic transformation or presence of the DNA 

construct we were using for shooting was not important for initiation of these events. The only 

other pseudotransformant clones we obtained from these experiments were from a biolistic shot 

of CU427.4 (instead of ΔHAP2-427 target cells that were predominantly used in noticing this 

effect).  Because ΔHAP2-427 was made originally from CU427.4, and because tests of other 

heterokaryon cell lines (CU438.1 and ΔHAP2-428) did not generate any pseudotransformants, 

this result suggests that the lack of HAP2 in the original strain in which this effect was noticed is 

ultimately not a factor and instead there may be some intrinsic propensity of the CU427.4 cell 

line to experience these autogamy-like events.  That being said, the other heterokaryon cell 

lines were not tested as rigorously as the CU427 cell line, and with the extremely low frequency 

of these events it is likely more tests need to be done to support this notion.  The same goes 



215 

with our tests of another starvation media, Dryl’s, which also did not produce any 

pseudotransformants although it is known to enhance the number of cytogamonts produced[2].  

One untested factor that was different between these induction tests and the shots in 

Figure 6.1 that remains to be tested is the presence of high concentration of CdCl2 in the growth 

media after starvation.  In all earlier shots, cells were recovered after starvation in 1μg/mL CdCl2 

containing Neff, whereas in these tests cells were always transferred to Neff without CdCl2 after 

starvation treatment.  It is also possible that the potential hyperosmotic shock experienced by 

cells upon transfer to growth media could be important. We suspect that future tests of high 

CdCl2 concentrations during starvation and growth, or and hyperosmotic shock to the cells could 

yield informative results.       

 

Discussion 

Although autogamy has yet to be described for Tetrahymena thermophila, in attempting 

to transform cells at the intractable MTT5 locus, we may have stumbled on a set of conditions 

that give rise to low frequencies of autogamy in this organism. Tetrahymena is well-known 

among the ciliates for its genetically tractable macronuclear genome, allowing researchers the 

ability to generate stable transformants with relative ease[26]. The above experiments, however, 

show that not every Mac target is equally acquiescent to transformation.  DNA constructs 

generated for the targeted replacement of MTT5 failed to generate a single Mac transformant in 

this locus despite dozens of transformation attempts, while contemporaneously, the same target 

cells were easily transformed at a different locus (HAP2). Heterochromicity at the MTT5 locus 

may play a role in its obstinate nature, but the addition of cadmium to the media before and after 

shooting did not increase transformation efficiency. Instead it led to what appeared to be 

autogamy, albeit at low frequency. Anecdotally it has been noted by other researchers that 

some loci are more difficult to transform than others. It may be useful for Tetrahymena 

researchers to look for a commonality among transformation resistant targets. 
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Figure 6.3 Possible micronuclear identities and proposed crosses.  A cartoon outlining the 
potential origins of pseudotransformant strains (top) and their diploid Micronuclear identities for 
either the case of autogamy/selfing (a) or contamination (b). Below, proposed outcrosses to cell 
lines of known genetic composition and expected phenotypic results of progeny cells whether 
(a) or (b) was the genotype of the Mic.   
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Figure 6.4 Micronuclear identity of the pseudotransformants  
The results of progeny genetic analyses from pseudotransformant strains mated with either the 
cell lines CU428.2 (outcross 1) or B2086 (outcross 2).  (A) Table of raw results from crosses 
and individual pair isolations showing the pseudotransformant clone name (far left), mating 
partner used in each outcross, and the relevant survival and drug resistance percentages (top) 
and sample sizes (parenthesis, bottom) for each cross tested. (B-D) Percentages shown in (A) 
were graphically plotted.  Numbers and bars were color-coded to match in both (A) and (B-D). 
(B) Percent pair survival, gray. (C) % back-outs, green (D) % true progeny shown as two bars 
for each cross.  One bar is the total percentage of true progeny as scored by mp-r (blue bars) 
and/or immaturity (grey bars), and orange is the percentage of Cy-r true progeny (orange bars).   
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Table 6.5 Testing induction conditions for autogamy.  
A table showing the culmulative tests done and conditions used for testing the experimental 
induction of autogamy.  Target heterokaryon cell lines were starved either in the presence or 
absence of 0.1μg/mL CdCl2 as if for biolistic transformation, and then either shot or not, and 
placed into fresh Neff recovery growth medium containing penicillin/streptomycin and fungizome 
for 24 h at 30⁰C before the addition of the indicated selection drug. The cell resuspension (~2 x 
105/mL) was then dispersed into 96 well plates at 100μl increments. Cell survival in a well is 
indicative of development and survival of just a single cell expressing the resistance marker 
when fewer than 1/3 of total wells are showing growth.    
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target cells 
used date shot starvation 

buffer 
CdCl2 

concentration 
(μg/mL) 

selection 
drug 

frequency 
of drug-
resistant 

wells 
ΔHAP2-427 6/09/2015 no 10mM Tris 0.1 cycloheximide 0 / 936 
ΔHAP2-427 6/09/2015 no 60mM Tris 0.1 cycloheximide 1 / 1908 
ΔHAP2-427 6/17/2015 no Dryl’s 0.1 cycloheximide 0 / 960 
ΔHAP2-427 6/17/2015 no Dryl’s 0.0 cycloheximide 0 / 960 
ΔHAP2-428 6/17/2015 no Dryl’s 0.1 6-methylpurine 0 / 952 
ΔHAP2-428 8/18/2015 yes 10mM Tris 0.1 6-methylpurine 0 / 936 
CU427.4 8/18/2015 yes 10mM Tris 0.1 cycloheximide 0 / 848 
CU438.1 8/18/2015 yes 10mM Tris 0.1 paromomycin 0 / 456 
CU438.1 8/27/2015 yes 10mM Tris 0.1 paromomycin 0 / 904 
CU427.4 8/27/2015 yes 10mM Tris 0.1 cycloheximide 0 / 952 
ΔHAP2-428 8/27/2015 yes 10mM Tris 0.1 6-methylpurine 0 / 456 
ΔHAP2-427 9/03/2015 yes 10mM Tris 0.1 cycloheximide 0 / 952 
ΔHAP2-427 9/03/2015 yes 60mM Tris 0.1 cycloheximide 0 / 960 
ΔHAP2-428 9/03/2015 yes 10mM Tris 0.1 6-methylpurine 0 / 960 
CU427.4 9/03/2015 yes 10mM Tris 0.1 cycloheximide 4 / 960 
CU438.1 9/03/2015 yes 10mM Tris 0.1 paromomycin 0 / 960 
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The Stubborn MTT5 Locus. What factors might make the MTT5 locus so recalcitrant to 

transformation? The difficulty in transformation of this locus is difficult to explain given the ease 

of modification at a routine destination of Tetrahymena gene introduction, the MTT1 

locus[14,15].  It is possible that our construct design was for some reason suboptimal, and to 

this end, testing other constructs targeting MTT5 with larger flanking regions or with introduction 

of shorter gene bodies should be tried. After all, MTT5 is the shortest of the T. thermophila 

metallothioneins[27]. However, the fact that previous studies have seemingly avoided gene 

introductions to the MTT5 locus when it made little sense to (e.g. MTT5 promoter::heterologous 

gene expression from the MTT1 and btu1 loci[14,17]), makes us question whether this effect 

has perhaps been seen before and just not reported.   

Also, while the MTT promoters have been extremely useful in Tetrahymena for the 

inducible over-expression of introduced genes, some skepticism for the deletion and/or rampant 

overexpression of the metallothionein proteins themselves is warranted, especially when these 

promoters are used in functional studies. The MTT proteins themselves are thought to be 

multifunctional proteins[28] but the extent of their effects on Tetrahymena cell biology and life 

cycle have not been thoroughly investigated. Interestingly, the Tetrahymena Functional 

Genomics Database[29] and recent literature[27] show all five of Tetrahymena’s metallothionein 

proteins’ endogenous expression is upregulated upon initial nutritional starvation, then also at 

late conjugation stages (8-10 h) for MTT1, 3 and 5. It is an open question as to whether the 

results observed by addition of CdCl2 in this study could in anyway be connected to the over-

expression of MTT during starvation. The popular theory is that the metallothioneins function for 

the purpose of mitigating toxic doses of heavy metals, and while this does seem to be a 

property of the metallothioneins[14,30], it is also thought that historically, levels of heavy metals 

like Cd2+ were too low environmentally to have been much involved in the original evolution of 

MTT function[31]. Rather, it is likely that metal detoxification was not the initial function of MTTs 

in the cell, but that they may have originally served as a cellular reservoir for essential 



223 

micronutrients such as Zinc or Copper[31], which have been environmentally available and play 

critical roles in gamete development[32–34].  In line with this theory, the multifunctional 

metallothioneins could then have served a more homeostatic role under fluctuating intracellular 

concentrations of these metals, among other roles possibly even helping to finely tune the gene 

expression of metal-dependent transcription factors by acting as a competitive reservoir. Further 

work must first be done to determine the reasons behind the MTT5 locus transformation 

difficulties, and to uncover what purpose, if any, MTT proteins may be serving in T. thermophila 

conjugal events. 

How could autogamy happen? This case of autogamy is surprising because usually 

an initial interaction with a cell of opposite mating type is required for Tetrahymena thermophila 

Mac development.  In nature, two different types of parthenogenesis have been described.  One 

rests solely on gamete activation and post-zygotic development without meiosis to produce 

identical parental clones. The second type generates non-identical meiotic progeny of a single 

parental gamete and works to restore diploidy either through endoreduplication of 

chromosomes, or the pronuclear fusion (karyogamy) of homologous meiotic products[1]. In 

Paramecium autogamy[3,8], Tetrahymena cytogamy[4], and the facultative parthenogenetic 

behavior of other ciliates[35], only the meiotic-type of parthenogenesis has been observed.   

Short-circuit genomic exclusion: In rare events, Tetrahymena thermophila employs a 

form of cytogamy without karyogamy referred to a “short-circuit genomic exclusion,” in which a 

Tetrahymena cross is performed with a mating partner containing a defective Mic (named a star 

strain), resulting in a small proportion of cells utilizing a single haploid meiotic pronuclear 

product for zygotic development[2]. In contrast to normal genomic exclusion events or 

cytogamy, the results of short-circuit genomic exclusion are usually a genetic dead-end, as it’s 

thought that a resulting meiotic misfire or half-hazard endoreduplication of the Mic often ends in 

germinal aneuploidy[2,11]. The forty-five-fold amplification of chromosome number associated 

with Mac development may rescue these progeny cells, allowing them to survive, but the Mic 
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defects incurred in this reproductive pathway give this progeny little chance of ever successfully 

sexually reproducing again[13].  

The cells obtained from short-circuit genomic exclusion occur infrequently[13] and have 

much lower fertility rates[2,36].  This is similar to the phenotype of the autogamonts resulting 

from this study and we speculate that the Mic events resulting in autogamy may parallel those 

occurring in the originally described rare short-circuit genomic exclusion events of star matings 

(except in this case, without the necessity of an opposite mating partner cell).  Chromosome 

preps to identify the possibly aneuploid status of Mic in these strains could be done to test this 

hypothesis.  

Selfing: Although unlikely due to the lack of observed cell pairing, another avenue from 

which these strains could have been generated is from selfing.  Selfing strains are those which 

erroneously pair intraclonally under starvation conditions. Selfing has been commonly reported 

in many ciliate species[24,37,38],  and can be provoked by a range of genetic and 

environmental factors[39], including cellular immaturity and decreases in 

temperature(Euplotes[35]), but in many ciliates appears to be positively correlated with the 

advancing clonal age (higher number of vegetative cellular divisions) of a culture[35,40]. These 

changes, age-related or otherwise, are thought to be due to variations in gene expression from 

the Mac[35] or problems with mating type instability or inheritance[41,42].  

In T. thermophila, it has been observed that <10% of wild clones collected exhibit selfing 

behavior[23,41,43]. Selfing in this ciliate is thought to be caused by a karyonidal mistake 

causing macronuclei mosaicism and the coincidental failure to establish expression of a single 

mating type during cell immaturity[21,44].  Although occasional stable selfing subclones are 

found expressing a single mating-type, experiments showing the induction of selfing behavior 

through the induced fusion of heterologous macronuclei from cells of opposite mating type 

would appear to support this hypothesis[24].  Since the parental cell lines CU427, and ΔHAP2-

427 used in this study were pure for mating type VI, and an autogamont was obtained from a 
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60mM Tris condition (a starvation buffer shown to inhibit pair formation[25]) this argues against 

“selfing” as a cause for these autogamy-like events.  

Moreover, earlier selfing studies report evidence of a suicidal effect where incestuous pairs 

die during the course of intraclonal mating events, producing no or very few viable 

progeny[23,45]. While this could be construed as similar to the low frequency of autogamy 

events observed here, due to uncertainty regarding the frequency at which cells experiencing 

autogamy die, it is difficult to make a direct comparison. It is known, however, that those few 

viable progeny isolated from intraclonal selfing strains were found more likely to be selfers 

themselves (~14%)[41,42].  However neither the parental cell lines used, nor the autogamy 

strains isolated in this study exhibited intraclonal pairing behavior under any conditions. Finally, 

little is known cytologically about the nuclear maneuvers of selfing T. thermophila, but 

preliminary investigations observed wide variations of phenotype depending on the strain 

tested; ranging from exconjugants with significant abnormalities to those that appear completely 

normal[23,24]. Difficulty in studying selfing strains has been partially due to their tendency 

towards poor stability over long term vegetative growth[23,24,42], again, an issue that was not 

observed here in either the parental or autogamy strains.      

Passing the developmental check points:  In order for autogamy to occur in T. 

thermophila, cells must be able to bypass the normal developmental checkpoints of sexual 

conjugation without cues from an opposite mating partner.  Failure to pass these checkpoints 

usually causes the abortion of conjugation and the retention of parental macronuclei (“back-

outs”). At least three developmental checkpoints have been defined for Tetrahymena 

conjugation[46], one for prezygotic development which consists of meiotic initiation and is 

induced by physical intercellular contacts and pairing between opposite mating types, the 

second for postzygotic development which happens around the third prezygotic division of the 

gametic pronuclei, and the third is for exconjugant development. Since early mating events are 

controlled by the parental macronucleus, any changes in gene expression control might 
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influence this process[47] but it is difficult to envision a change drastic enough to override all 

three of these checkpoints in sequence. 

 To this end, we at least know there was not an inherent checkpoint control defect in the 

of the parental cell lines CU427 and ΔHAP2-427 used in this study. A previous study (Chapter 

2)[18] examining matings of these same cell lines observed that crosses of membrane-fusogen 

deficient HAP2 cell lines still progressed through meiosis despite the lack of cytoplasmic 

intimacy, accumulating instead at the second checkpoint (just after the third prezygotic division 

and prior to pronuclear exchange), and leading to high numbers of viable “back-outs” (retained 

parental macronuclei) in progeny isolations.   

While this is reassuring for the results of this study, peripherally, it also raises other 

questions regarding the specific nature of requirements for passing this second checkpoint, as 

ΔHAP2 crosses were not associated with higher levels of cytogamy despite their progression 

past the third pre-zygotic division.  Solving the genetic identity of defect responsible for the bcd 

mutants, which despite pronuclear exchange, fail in karyogamy and post-zygotic development 

might help illuminate this problem[46]. But as the chemical inhibition of karyogamy by anti-

microtubule agents still allows for macronuclear development[48,49], it appears that neither the 

third pre-zygotic division or nuclear fusion are requirements for passing this checkpoint.  It could 

be that induction of the ubiquitous bidirectional transcription[47] necessary to create the 

scnRNAs used in sculpting is the new macronuclear anlagen[50] may be the true hallmark of 

the second post-zygotic developmental checkpoint, perhaps even capable of initiating  this 

developmental program independently of whether or not cells have passed the prior pre-zygotic 

checkpoints.  Testing this explanation may provide some understanding for how autogamonts 

seem to overcome these developmental checkpoints.  

Predicted long-term consequences of autogamy.  Since the autogamont strains were 

observed to be less adept at sexual conjugation (Figure 6.4) this may provide a means for 

understanding the generation of amicronucleate Tetrahymena strains (Figure 6.6).  Originally, it 
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was thought that removal of Tetrahymena thermophila’s Mic either physically[51] or through 

germinal senescence[44] would lead exclusively to cellular death[52], but the prevalence and 

success of amicronucleate Tetrahymena species in nature argues otherwise. Amicronucleate 

strains are purely asexual due to their lack of a Mic but are thought to be originally descended 

from sexual, micronucleated species which experienced some type of germinal 

senescence[52,53]. It is unclear how these strains could have initially come into existence, but 

Doerder in 2014 proposed a model[53] predicting that rearrangements in the mating type locus 

might lead to a cell’s immediate abandonment of sex and eventual loss of the Mic through 

germinal senescence. Other models propose the lack of mating in these cells is due to some 

factor causing permanent cellular immaturity. Importantly, any hypothesis regarding the origin of 

amicronucleate Tetrahymena sp. must account for their high frequency in nature as well as their 

inability to mate[53].  Although these other two hypotheses are alluring, they both rely on 

defects reproducibly happening at specific Mac loci, which might not be expected to occur at 

high frequencies in nature. Considering our autogamy mating results (Figure 6.4) we now 

present an alternative, more gradual, evolutionary model (Figure 6.6) for loss of sex in 

amicronucleate strains.       

The progeny of short circuit genomic exclusion or autogamy appear to ultimately be 

mistakes in T. thermophila sexual conjugation, which occur reproducibly, albeit at low 

frequencies, through conjugal pathways that haven’t been observed in other genera of ciliates. 

While it’s possible most cells might die during induction of autogamy or short-circuit genomic 

exclusion (Figure 6.6B), the selection on those cell lines that survive the process may be 

shunted towards an amicronucleate endpoint (Figure 6.6C).  The already likely damaged state 

of Mic health would accelerate germinal aging (Figure 6.6E) in comparison with that seen 

normal wild-type cells, but in addition to this, the reactions of these cells to subsequent mating 

events (as observed in Figure 6.4 mating results) could increase selection pressure on the Mac 

for the eventual avoidance of mating behavior.   
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Three potential outcomes are possible in the subsequent mating events of autogamont 

cell lines: (1) Cells that can mate will replenish their potentially damaged micronuclei through 

either the production of fertile viable progeny, or the uptake of a partner cell’s pronucleus 

without associated development. In both cases this will result in the reconstitution of a Mic and a 

future fertile Tetrahymena cell.  (2) Cells will die as a result of mating (lower pair viability in 

these crosses) and be removed from the gene pool. (3) Cells will only survive conjugation by 

“backing out” and retaining their parental Mac.  Further phenotypic assortment in the Mac 

followed by several subsequent rounds of mating, will eventually select for earlier “backouts” 

that can continue vegetatively reproducing, their descendants “avoiding” the risk or conjugation-

induced death, and therefore slowly losing the ability to mate.  In the end, we hypothesize the 

potentially faulty round of Mac/Mic development experienced by autogamonts predisposes them 

to poor viability and fertility outcomes in subsequent crosses, with increased selection pressure 

for mating avoidance behaviors which first manifest as higher numbers of “back-outs” in crosses 

(because the other cells in these situations either die or have their fertility restored). The pre-

existing poor micronuclear health of these strains (which has absolutely no affect on their overall 

macronuclear health), coupled with their aforementioned abstinent tendencies and lower 

viability in crosses allows for a more straightforward path to germinal senescence (and gradual 

Mic loss) than the singular disruption of any one mating-required factor. Since sexual 

conjugation is a time costly process for Tetrahymena, amicronucleate clones could outcompete 

sexual clones in natural environments by creating ~256 copies of themselves by asexual 

division in the time it takes conjugating clones to produce 4 cells[5].  Additionally, the high ploidy 

level of the Tetrahymena Mac is thought to make these cells very resistant to the accumulation 

of harmful genetic mutations known as Muller’s Ratchet[54], allowing asexual clones to be just 

as evolutionary successful as sexual clones[55]. Autogamont strains saved from this project, 

including the eldest of these, clone HA-9, could be used in future mating and selection 

experiments testing this hypothesis.   
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Figure 6.6 Proposed model for the results of T. thermophila autogamy.  A proposed 
sequence of events representing what may occur after T. thermophila autogamy. (A) A given 
cell in a clonal population experiences a yet unknown, possibly heavy-metal type environmental 
stressor and reacts by committing a rare individual cycle of development (autogamy). (B) In the 
majority of cases, either this autogamous development or the otherwise high degree of inflicted 
cellular stress leads to death. (C) In rare circumstances, the cell survives through development 
of a new Mac and converts back to vegetative growth when conditions improve. The state of 
micronuclear health in these cells is questionable (see Figure 6.4, low progeny yields), and their 
likelihood to engage in subsequent successful mating events (Figure 6.4, high numbers of 
backouts) is poor (D) Over time of continued vegetative expansion, the clonal descendants of 
the autogamont undergo germinal senescence, losing functionality and mass in their 
micronuclei. (E) Owing to these cells reduced ability to form progeny and higher likelihood to 
backout from mating or death at each following conjugal event, low survivorship (S) and fertility 
(F) in mating results in accelerated germinal aging of the surviving cells in this lineage, 
eventually leading to clonal populations of amicronucleate cells.      
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Is Autogamy Useful? Given our current observed results, we conclude that this 

induction method for T. thermophila autogamy, at least for practical purposes, will not be useful 

for the generation of whole-genome homozygote lab strains because there was variable-to-low 

fertility in the strains generated, and the specific triggers of autogamy remain poorly-defined. In 

this regard, specific treatments like trypsin[40,56] or methyl-cellulose treatment[7,57] used in 

other ciliates to induce autogamy may be able to enhance the efficiency of T. thermophila 

autogamont generation observed here. Until then, however, other methods of genomic 

exclusion-induced homozygosity through uniparental cytogamy are recommended as they both 

lead to fertile offspring and are more reproducible and efficient[2]. 

Much remains to be done to simply define the developmental process occurring in these 

cells.  It is unknown whether the effects observed in these experiments are specific to the 

CU427 strain background, or whether similar events can be observed in other cell lines. Also, 

despite similarities with short-circuit genomic exclusion progeny, we still do not definitively know 

whether meiosis occurs in this clones, or if the offspring are formed through karyogamy or 

endoreduplication of the Mic, or even what the specific environmental causes and timing are of 

these events. We speculate that they are somehow related to the environmental stress 

introduced to cells through addition of either heavy metals, starvation, osmotic shock (from 

media change), or the timely application of any or all of these three factors. 

What is clear is that the Tetrahymena genus is unique in containing species adopting all 

different versions of eukaryotic sexuality with a high degree of long-term evolutionary success.  

Some species are predisposed towards sexual conjugation between genetically-distinct 

individuals[58], where others are either facultative[59] or obligate[9] parthenogens, and still 

others, lack a Mic and have dispensed with sex entirely[52,53]. Continued research in 

organisms, like ciliates, with such diversity and plasticity in their sexual life cycles, will aid in our 

future understanding of which environmental and genetic cues are the key in the ecogenetic 
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maneuvering between autologous and heterologous syngamy and the timely initiation of 

germline development. 

 
Materials and methods 
 
Tetrahymena thermophila strains. Tetrahymena strains were obtained from the Tetrahymena 

Stock Center, Cornell University. The “pseudotransformants” or autogamonts described were 

obtained using the strains CU427 and ∆HAP2-427 (Figure 6.1B), the panel of cell lines used in 

mating type tests (Figure 6.1C-F) and subsequent outcrosses (Figure 6.3 and 6.4) are 

described further in the strain information tables of chapters 2 and 3.  Both of the parental cell 

lines CU427 and ∆HAP2-427 used for autogamont generation are heterokaryons, containing 

genetically distinct germline and somatic nuclei.  Briefly, the ∆HAP2-427 cell line was created by 

somatic macronuclear transformation via biolistic bombardment, replacing the endogenous 

HAP2 gene with a neomycin selection cassette conferring resistance to paromomycin. 

Complete knock-outs were made by selecting for resistant clones after gradually increasing 

drug dosage and verified through PCR. 

Tetrahymena thermophila culture and mating conditions.  Tetrahymena thermophila cells 

described above were grown at 30°C in NEFF medium (0.25% proteose peptone, 0.25% yeast 

extract, 0.5% glucose, 33.3μM FeCl3) on a platform shaker at ~ 100 rpm. For cell matings, log 

phase cells were starved at ~2 ×105 cells/ml for 12-18 hrs in 10 mM Tris buffer (pH 7.5), and 

mixed in equal concentration at 30°C. Pseudotransformant cell lines were phenotyped for their 

drug resistance by transfer of the indicated clones into stock tubes of NEFF medium containing 

80 µg/mL of the drug paromomycin.  

Procedure for attempted biolistic macronuclear transformation of the MTT5 locus. For 

somatic transformation[60,61], target cells were grown to mid-to-late log stage (~6 × 105 – 1 × 

106 cells/ml) in NEFF medium, and starved overnight in 10 mM Tris buffer (pH 7.5) at ~2 × 105 

cells/ml containing 0.1 μg/mL CdCl2 prior to biolistic transformation.  Starvation cultures were 
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incubated shaking at 30°C overnight followed by 2 h of stationary incubation before either 

biolistic bombardment (Figure 6.2) or no treatment (Figure 6.6).  The DNA construct used in 

initial transformation attempts (Figure 6.1A) had different HAP2 cDNA constructs placed at the 

multiple cloning site (see Chapter 3), while no DNA construct was used in later biolistic 

bombardment tests (Table 6.5). Following transformation, (or starving as in select conditions of 

Table 6.5) cells were transferred to NEFF medium containing 250μg/ml Penicillin G, 250 μg/ml 

Streptomycin, and 1.25μg/ml Fungizone, and grown at 30°C. Cells were rested in this media for 

1 day (24 h) at 30°C before addition of 25 µg/mL cycloheximide and dispersal into 96 well plates 

for drug selection.  Wells which showed positive growth in cycloheximide after 5 days were the 

“pseudotransformants” described and tested in this study. 

Genotyping the pseudotransformant clones. Genomic DNA was extracted with 

phenol:chloroform:iso-Amyl alcohol (25:24:1, VWR), PCR amplified and the resulting products 

analyzed by agarose gel electrophoresis.  All PCR reactions were carried out with Phusion 

High-Fidelity Taq DNA Polymerase (ThermoFisher).  PCR primers for amplification of the HAP2 

and MTT5 loci respectively were:  

pTievMtt5Forw  5’ CTTGAATACAATCATGAGTTCACC 3’;  

pTievMtt5Rev 5’ TACCCCTATCACCTAGCGAAG 3’;   

Hap2for 5’ATGAAATTTTTGGCTTTTGGATTGATTTATTTTC  3’; 

GSP1rev   5’ TCATTCAATTAGTAGATAGAGAGGAGATGTTGA 3’  

Microscopy. Samples of 0.1 μg/mL CdCl2 starved cells were fixed with DAPI were imaged with 

a Zeiss Axio Imager M1 Microscope equipped with an AxioCamMR3 camera to capture bright 

field and fluorescence images of starved cells. 

Mating type and cellular immaturity tests.  As described and shown in Figure 6.1, 

pseudotransformant and mating-type panel clones were grown in the columns and rows, 

respectively of separate 96 well plates containing NEFF medium for two days. These plates 

were replicated into separate plates of 10mM Tris for one day of starvation, and then replicated 
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for into the same 96 well 10mM Tris plate to mix cells for mating.  Four hours after initially 

mixing cells together plates were scored for cell pairing between the “pseudotransformants” 

tested and the cells of mating type I-VII of the panel.  Wells in which no pairing was observed 

were identified as the mating type of the given pseudotransformant tested.     

Genetic analysis of pseudotransformants micronuclear genotype and mating ability. As 

described in Figure 6.3 and 6.4, the micronuclear genotype of a given pseudotransformant cell 

line was tested through bringing it into somatic expression by a single round of macronuclear 

development (induced by sexual conjugation). This was done by outcrossing 

pseudotransformant clones to a different cell line of known genotype, isolating individual mating 

pairs into drops, and examining the frequencies of drug resistance in progeny cells.   

 Mass matings of the cell lines of interest were performed, followed by isolation of single 

persistent mating pairs by mouth-pipetting individual pairs into drops of NEFF starting at 7 h 

after the mixing of opposite mating types.  Typically, at least 96 pairs were isolated from each 

mating condition and their “synclones” (mixed progeny expanded from both of the resulting 

exconjugants) were initially incubated in a 30⁰C humidified box for 3-4 days, followed by transfer 

to 96 well NEFF-containing microtiter master plates to allow for expansion of progeny cells.  

Percent pair survival was based on the recorded growth or death of individual synclones in 

hanging drops.  Drops that merged or dried up or were excluded from final analyses.  

As described in detail in Figure 6.3 and the methods section of Chapter 2, outcrosses to 

the CU428.2 heterokaryon cell line result in the dominant 6-methylpurine resistance of progeny 

cells, but drug-sensitivity of parental “back-outs”.  This is due to the homozygous presence of 

this silent germline mp-r drug resistance marker in the Mic of CU428.2 parents being brought 

into somatic expression newly-derived progeny Mac.  Because the B2086 parental cells are not 

heterokaryons and do not carry any Mic drug-resistance alleles, progeny cells were scored on 

the basis of cellular immaturity (the inability progeny cells to mate and form pairs) in outcrosses 

to this cell line.  Immaturity tests were performed in plate format, similar to the mating type tests 
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outlined above, but with the exception that only a mating type I strain (SB3539) was utilized as a 

mating partner instead of the entire mating-type panel. As neither of the two parent cells have 

the mating type I gene in the mating type cassette of their germline genome[21] they shouldn’t 

be able to make mating type I progeny.        

The percent of surviving progeny displaying drug-resistance phenotypes was then tallied 

by replicating them into 96 well microtiter plates containing NEFF media with either 15μg/ml 6-

methyl purine or 25 μg/ml cycloheximide.  The growth or death of individual synclone wells was 

scored as either drug-resistant or not after 4-5 days of incubation with the respective drugs. For 

CU428 outcrosses, wells were scored as double drug resistance if they consecutively grew in 

first cycloheximide, then 6-methylpurine – containing medium.  For B2086 outcrosses, only drug 

resistance to cycloheximide was scored. 
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A. Summary  

In the work presented in this dissertation we used the fresh-water ciliated protist 

Tetrahymena thermophila, a model organism with an easily inducible sexual cycle, to study the 

function of a conserved gamete membrane protein in cell-cell fusion during sexual fertilization.  

In T. thermophila, we found that HAP2/GCS1 localized to the site of membrane fusion (the 

conjugation junction), and unlike other species where function is limited to only one gamete, 

was instead expressed during conjugation in all seven mating types. It was possible for HAP2 to 

induce low levels of fusion when expressed from only one cell of a mating pair, but function was 

necessary on both partners for efficient membrane fusion and fertilization to take place. Next, 

we made the surprisingly finding that this gamete membrane fusogen adopts a predicted 

structure and function similar to that of class II viral fusogens. In these studies we were able to 

identify and functionally dissect the T. thermophila HAP2 fusion loop, testing both it’s necessity 

in Tetrahymena cell-cell fusion using a newly developed flow-cytometry based sexual cell fusion 

assay, and sufficiency to interact with model membranes and induce lipid mixing using 

biophysical methods. 

   During the course of this work we examined another conjugation-specific Tetrahymena 

protein, ZFR1, which although showing localization patterns and fertility defects similar to HAP2, 

was not involved in either HAP2 trafficking to the conjugation junction, or Tetrahymena 

membrane fusion.  Rather, preliminary data suggests ZFR1 helps to reshape the cellular 

environment during progeny development.  We also studied HAP2 expression as a potential 

marker for sexual reproduction in the obligate parasitic ciliate of fish, Ichthyophthirius multifiliis, 

where the infective free-swimming theront stage was found to have the highest expression of 

HAP2 transcripts.  Finally while cell-cell fusion is a primary characteristic of eukaryotic sex, 

parthenogenetic eukaryotes have lost this ability. It is thought that T. thermophila is an obligate 

sexually reproducing species, but through an unexpected experimental result, we uncovered 

evidence that a type of parthenogenesis known as ‘autogamy’ may occur in this ciliate.    
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B. Future Directions 

B1. Steps to defining HAP2’s fusogenic sufficiency and trigger  

Since it is now known that HAP2 is structurally related to CII viral fusogens and has a 

functional fusion loop in Tetrahymena, Chlamydomonas, and Arabidopsis, it is reasonable to 

apply techniques commonly used in the study of viral fusogens to probe for HAP2’s trigger and 

mechanism of action. In these studies, HAP2’s fusogenic sufficiency in cell-cell and virus-cell 

fusion should be tested and HAP2’s potential interaction partners should be identified.  Because 

recognition and adhesion are the first steps in allowing two membranes to come close enough 

together for fusion to occur, and since HAP2 is only involved in fusion and separate species-

specific proteins mediate membrane adhesion, appropriate intercellular membrane recognition 

and adhesion are likely the key rate-limiting steps to fusion in HAP2 fusogenic sufficiency 

assays using heterologous cells. Taking this into consideration, there are then two directions 

that can be taken with these types of future experiments. One, the species-specific proteins 

important for gamete recognition and adhesion can be identified and reconstituted along with 

HAP2 into heterologous fusion assays, or two, membranes can be tethered together by known 

adhesion proteins that are not species-specific.  In the latter method, it is known that with one 

class I viral fusion protein, namely hemagglutinin (HA), that substituting the normal sialic acid 

adhesion with a streptavidin-biotin-mediated membrane adhesion still allows for HA-initiated 

fusion[1]. Other additional factors, such as actin polymerization foci near the sites of membrane 

fusion could also promote adhesion as well, and may even provide a supportive force for fusion 

to occur[2]. 

The literature regarding the adhesion and triggering of class II (CII) viral fusogens will 

likely also give us insight into HAP2-mediated gamete membrane fusion that will be useful in 

designing fusogenic sufficiency assays.  While many viral fusion proteins wrap adhesion and 

fusion functions into the same protein, some CII fusogens from alphaviruses encode a separate 

fusion and  adhesion protein[3]. With the Dengue viral E glycoprotein, however, adhesion and 
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fusion functions are both accomplished by the same envelope protein which uses a myriad of 

different proteins including DC-Sign, heparan-sulfated glycoproteins, and HSP70 [4] for 

adhesion to host cells. It is not known whether a cellular receptor on the opposite gamete 

membrane exists for HAP2, but data from both CII viral and developmental fusogens suggests 

there could actually be a receptor on target female gametes, even if this interaction no longer 

functions in cell-cell adhesion.  Other potential functions of a putative female gamete receptor 

could be in the proper orientation or oligomerization of HAP2 monomers before or during fusion. 

We also gain understanding regarding the possible triggering mechanisms of HAP2 from 

information already known about class II viral fusogens. A fusion trigger is an environmental 

factor that stimulates either the timely membrane insertion or conformational changes of a 

fusogen to allow membrane merger. As reviewed in Chapter 1, it is known that there are 

different triggers necessary for different class II viral fusogens, including low pH, enzymatic 

cleavage of chaperone proteins, calcium[5], and lipid content[6] which could be systematically 

tested for their capacity to promote HAP2-mediated fusion.  A mild hypotonic shock in some 

systems has also been shown to increase the number of cell-cell fusion events[7]. It is thought 

that this type of shock increases the lateral membrane tension applied to both hemifused and 

non-expanding fusion pores, causing an increase in the number of full fusion events[8]. In 

Tetrahymena, sexual cell fusion events often occur in hypotonic media (10mM Tris in the lab or 

water in the wild). Furthermore, a brief hyperosmotic shock after meiosis has been shown to 

block pronuclear exchange in Tetrahymena (possibly through blocking membrane pore 

formation or expansion), creating whole genome homozygotes [9].  For other HAP2-mediated 

cell-cell fusion events, it may be possible that specific ion channels have evolved along with this 

ancient cellular fusion system to temporarily decrease the osmolality of the extracellular 

microenvironment proximal to cellular fusion pores, permitting their eventual expansion.  While 

this might be intuitively possible, (as the cell’s themselves would control their own fusion “trigger” 

event) no specific tests of this hypothesis have been attempted.         



246 
 

Finally, in defining HAP2’s sufficiency and trigger it may also be interesting to test the 

potential sufficiency of cognate viral fusion proteins in mediating a developmental cell-cell fusion 

event. We already know that developmental fusogens (EFF-1 / AFF-1) are capable of rescuing 

viral envelope fusion to host cells[10], but we still don’t know if the reverse is possible – a viral 

envelope protein functionally substituting in a developmental cell-cell fusion event.  One could 

envision experiments replacing HAP2 in simple model organisms (like Tetrahymena or 

Chlamydomonas) with a full length CII viral fusogen to see if it is capable of rescuing sexual cell 

fusion events, or even expressing HAP2 on pseudotyped viruses and applying these particles to 

activated gametes lacking the HAP2 gene in order to see if “viral” infection alone can stimulate 

the fusion of already adhered mating partners.   

While these are interesting future questions, at least in initial tests of pseudotyped 

viruses expressing either HAP2 or VSV-G on their surface, fusion was not enhanced over Δenv 

particle controls in sexual cell fusion assays using Tetrahymena (preliminary data not shown). 

Instead, oddly, it appeared that the mere presence of the concentrated pseudotyped particles 

themselves (either decorated with a fusion protein or not), caused a slight increase in the total 

amount of Tetrahymena cells capable of sexual cell fusion compared to matings treated with the 

same volume of the Tris buffer not containing pseudotyped particles.  The relevance of this 

slight increase is not yet understood, but it could be that minor changes to the lipid or 

cholesterol content of the media might increase the overall ability of these cells to fuse during 

sex.   

B2. HAP2’s fusogenic mechanism: cis or trans? 
 
Another key next step in this work will be uncovering the precise mechanisms of HAP2-

mediated membrane fusion.  As discussed in Chapter 1 and Figure 1.4, there are two alternate 

mechanisms proposed as to how HAP2 may function in its merger of cellular membranes during 

sex. The big difference between these two models is that certain developmental fusogens (like 

EFF-1) do not have a fusion loop, and are necessary on both cell membranes for fusion to occur.  
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Thus, in this model, it is thought that interactions in trans between monomers on opposite 

membranes results in the formation of the pre-fusion trimers, which when followed by 

conformational changes of those trimers, draws membranes together for fusion. In viral 

fusogens that adopt a CII structure, however, these proteins are known to act unilaterally (in cis), 

with monomers on the same viral envelope membrane in order to form pre-fusion trimers under 

specific environmental triggering conditions and eventually fuse their membranes with those of 

the target host cells.   

While initially it might seem that these two mechanisms are quite distinct from one 

another, it’s possible that they are not entirely mutually exclusive, especially in the Tetrahymena 

system, where it is known that both mating partners express HAP2 (with a functional fusion loop) 

on their membranes at the sites of fusion between mating cells.  Thus, it’s possible in 

Tetrahymena HAP2, that a hybrid version of these two models is employed, utilizing both 

insertion of a fusion loop and trans-oligomerization to accomplish a productive and highly 

regulated sexual fusion between the two mating cells.  But in this case, I think there is a slight 

distinction between those trans-oligomerization events suggested in the original EFF-1 model, 

and those employed by Tetrahymena HAP2.  Instead of individual monomers forming trimers 

between the two target bilayers, due to the presence of a known functional fusion loop in 

Tetrahymena HAP2, I instead think it might be more likely that prefusion trimers form first on a 

single membrane, insert their fusion loops into the opposite lipid bilayer, and then form trans-

trimer interactions (with HAP2 prefusion trimers on the opposite membrane before 

conformational changes occur) to help in more efficiently zippering the two membranes together. 

Certainly, more work needs to be done to identify the extent to which HAP2 may utilize a “cis” or 

potentially “trans” action during sexual cell fusion events, but at least initially, from the presence 

of HAP2 on only the male gamete in the majority of species studied so far, coupled with the 

presence of a functional fusion loop in HAP2 orthologs, it appears that the most logical 
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conclusion so far from the existing data would be that HAP2 functions via the viral “cis” model of 

CII fusion protein action.   

Central to any discussion of these different mechanisms is the extent to which the 

different facets of fusogen structure contribute to the ultimate result of membrane fusion. The 

two main different characteristics of fusogens thought to be important for function are the fusion 

peptide’s insertion into target bilayers, and the dramatic conformational changes which occur in 

fusion protein oligomers that are expected to draw the two target bilayers together.  Both 

models discussed above expect conformational changes to be fundamental, but membrane 

insertion of just the fusion peptide alone is known to initiate lipid mixing events between 

liposomes (see Chapter 3) through a yet unknown pathway, implying that just fusion peptide 

insertion is also equally sufficient for fusion pore formation. These data suggest that fusion 

peptide insertion alone is not simply serving a role as a membrane anchor in the target bilayer 

(a holdfast for later conformational changes), but may actually instead be more important in 

imparting a physical disturbance in the target bilayer, possibly aiding as a starting point for 

initiating hemifusion intermediate structures between the two membranes.  Understanding and 

being able to measure how different CII fusogens fusion peptide’s structures change upon 

membrane insertion, cluster with prefusion trimer formation, and the extent of the physical 

stress or even membrane damage caused by peptide insertion may help us better delineate 

which of these two essential characteristics of CII fusion proteins contributes most significantly 

in these alternate models of fusion.  Furthermore, examining the pre- and post-fusion structures 

of different HAP2 proteins and their respective fusion loops may also help to explain how come 

the HAP2-domain has come to be the most sequence-conserved part of this protein.      

Structural similarities existing between EFF-1, CII viral fusogens, and HAP2 clearly point 

to these proteins having diverged from a common ancestor, but somehow these similar 

structures have ended up relying on the two characteristics of fusion protein action (fusion loop 

insertion and conformational changes) to different extents in their final respective mechanisms 
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of action.  So far, emerging evidence suggests that careful specialization and regulation are 

hallmarks of cell-cell fusion processes (to limit fusion protein expression or action either to 

specific cells or temporally during development), where viral fusogens are more generalists 

when it comes to fusion (so as to ensure transmission to as many cell types as possible during 

infection).  Broadly speaking, it is tempting to speculate that these different biological 

imperatives have informed the evolution of CII fusion protein mechanistic action in the viral 

versus developmental settings.  

B3. Clinical applications for blocking the sexual transmission of parasites 

Eukaryotic microbial pathogens such as Plasmodium, the causative agent of malaria, or 

others including Trypanosomes, Leishmania, Eimeria, Babesiosis, Toxoplasma etc. are 

continued threats to the health of humans and/or agricultural animals worldwide. Many of the 

parasitic organisms responsible for these devastating diseases have a well defined, obligatory 

sexual stage that, if blocked, would halt their transmission and arrest the continued spread of 

disease. So far, however, vaccines against many of these pathogens have proved elusive. 

Since HAP2 is a highly conserved protein necessary for the sexual development of 

many of these parasitic protists, it represents a good potential target upon which new vaccines 

or therapies against these diseases could be developed. There is already some interest in 

HAP2 as a candidate target for transmission-blocking vaccines against malaria [11,12], but 

some reticence exists as there are no commercially available transmission blocking vaccines in 

existence.  As a prevention method, transmission blocking vaccines are a relatively new idea 

and have yet to be thoroughly tested for efficacy or efficiency.  Ideally, a model parasitic 

infection, perhaps of some agricultural relevance, would be a more appropriate stepping stone 

to demonstrate the value of these vaccines before trials in a major human pathogen like malaria. 

Now that it is known that HAP2 is structurally similar to CII viral fusion proteins, the 

epitopes known to be important for conferring protection to other CII viral fusogens could be 

used to inform us as to which parts of the HAP2 protein might be the most integral for use in a 
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subunit vaccine.  This is important, as often it is difficult to produce correctly-folded parasitic 

proteins easily given the standard protein expression platforms, and so being able to synthesize 

just the key epitope necessary for a protective response might be extremely helpful in 

generating effective vaccines.  Since many of the CII viral envelope protein’s fusion loops are 

the targets of neutralizing antibodies, this fusion peptide sequence might represent a good 

starting point for the development of a transmission-blocking vaccine targeting HAP2. Learning 

from successful vaccines that have been developed in the past which targeted CII viral 

fusogens will also be helpful here[13,14].  Alternative to the vaccination approach, small 

molecules inhibiting the conformational changes of these CII fusogens or even lipid bilayer 

intermediates in the membrane fusion process could also be tested to block transmission.     

B4. Identifying developmental cell-cell fusogens through structural homology: TULP4 

  Based on primary sequence analysis, HAP2 does not have an identifiable vertebrate 

ortholog and the gene products controlling gamete membrane fusion in humans and other 

vertebrates are still unknown.  However, given the finding that HAP2 and CII viral fusogens are 

structurally similar, using structural homology modeling techniques may provide avenues 

towards the discovery of more, yet unidentified developmental fusion proteins that also adopt 

protein folds analogous to those of known viral fusogens. Towards this end, I have recently 

identified a mammalian protein, Tubby-Like Protein 4 (TULP4), as having features reminiscent 

of both HAP2 and CII viral fusion proteins. Because TULP4 is also expressed in the testis, and 

is encoded in a region of the mouse genome that is intimately linked with male fertility, we 

believe that this protein is a strong candidate for the elusive sperm-egg fusogen of mammals. 

The similarities that led to the identification of the TULP4 as a candidate gamete fusogen 

were uncovered using the homology modeling tool “BackPHYRE” [15], which allows a 

researcher to use a known structure from the protein data bank as query to search all predicted 

open-reading frames within genomes of interest in order to identify putative protein products that 

may have similar structures.  I choose the CII viral fusogen structure with the highest degree of 
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similarity to HAP2 (the Dengue virus envelope protein structure; PDB ID: 1UZG, chain A [16] 

and used it to search several vertebrate genomes, including human and mouse, for proteins that 

would be predicted to adopt a similar fold. The top hit in both the human and mouse genomes 

was TULP4 (88.9% and 78.0% confidence respectively). 

At first glance, TULP4 is an unlikely contender as a potential membrane fusogen. 

Despite the high confidence match to Class II viral fusion proteins based on BackPHYRE 

analysis, TULP4 is not predicted to contain a signal peptide or a transmembrane domain 

(normally present in other membrane fusion proteins).  However, there is some disagreement 

between the various prediction software, as recently I found that despite the lack of a signal 

peptide, several LOCATE [17] predictors do place TULP4 on the plasma membrane. 

Regardless, other attributes of TULP4 are highly suggestive of it’s potential fusogenic 

role in the male gamete fertility.  For instance, the promoter region of the TULP4 gene is located 

within a 225kb stretch of the mouse t haplotype known to cause complete male sterility [18,19]. 

Furthermore, TULP4 orthologs in many mammals are highly conserved (like HAP2 in other 

more basal eukaryotes) suggesting an important shared biological function for the gene product.  

Correspondingly, both the gene and protein are expressed in the testis based on searches of 

data available from the EMBL-EBI expression atlas [20] and MOPED [21] databases. Finally, 

despite the absence of readily identifiable signal peptides, tubby domain-containing proteins 

have been localized to both intracellular and extracellular cellular compartments and are known 

to be secreted [22]. Secretion, in this case, is hypothesized to depend on the ability of these 

proteins to bind to phosphatidylinositol 4,5-bisphosphate. Indeed, just the tubby domain itself 

has been recognized to having a 3D fold similar to that of phospholipid scramblases, proteins 

that rearrange lipid orientations between inner & outer leaflets of the bilayer[23]. This raises the 

intriguing possibility that TULP4, acting as a membrane scramblase, could catalyze a “flipped-

out” membrane fusion event between male and female gametes following its regulated 

expression in sperm. 
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Given these suggestive characteristics, we have initiated experiments to test the 

possibility that TULP4 could function as the mammalian sperm-egg fusion protein through the 

construction of genetic modifications to the TULP4 gene in mice using CRISPR/Cas9. Once 

complete gene knockouts have been made, we will set up breeding cages to see if these male 

knockout animals are infertile.  If this is the case, further experiments could be done via in vitro 

fertilization experiments, which could potentially show that the fertility defect in these mice might 

be rescued by intracytoplasmic injection of knockout sperm into WT female eggs. These 

experiments could be similar to those that have already been performed for other t haplotype 

mice[24].  Likewise, other methods will also be useful in testing this hypothesis if initial mouse 

breeding experiments result in infertility. Such experiments might include (1) the heterologous 

expression of the TULP4 protein in cells (potentially causing membrane fusion and syncytia 

formation), (2) obtaining an actual crystal structure of the protein to examine the true extent of 

structural homology that might exist between this protein and viral fusogens, or even (3) using 

biophysical fusion peptide assays to see if the TULP4 fusion loop peptide has the capacity to 

interact with model membranes.  These are only a short list of the many very exciting projects 

that might ensue should this hypothesis bear out.  If infertility does not result in male mice 

lacking TULP4, I believe the structural homology modeling approach is still a logical method to 

pursue in the difficult endeavor to find these still undiscovered developmental fusogens, and 

continued improvements to these modeling approaches may lead to yet new candidate proteins 

to be tested.  

 

C. Evolutionary Implications 
 

Together the results presented in this dissertation, including predictive structural 

modeling and biophysical tests of the HAP2 fusion loop, show that at least in Tetrahymena 

HAP2 may both look and act like a viral fusogen. But what does this mean for eukaryotic sex? 

These data give us insight about two major evolutionary aspects regarding eukaryotic sex. 
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First, this work brings new insight into the evolution of the gamete-specific functions 

during sexual conjugation.  It is widely thought that isogamous species (with gametes of similar 

size and function) were among the earliest eukaryotes to have sex[25].  But how then did most 

of the species on earth then end up anisogamous (with gametes that are different in size and 

function)?  What evolutionary challenge was met, and perhaps continues to be met, that limits 

HAP2 to just one gamete in the majority of species on earth?  We aren’t able to answer these 

questions yet, but we do know that this work uncovers the evolutionary adaptability of this 

gamete membrane fusion protein, which preserves its fusogenic-function in an organism that 

has dispensed with the production of male gamete cells[26].  And so, Tetrahymena has offered 

us a glimpse into how some of the earliest eukaryotes may have initially solved the problem of 

cell-cell fusion during sex, thus opening up the possibility that HAP2 functioned in fusion long 

before it ever became gamete-specific. 

Second, and perhaps most importantly, the mere existence of sex has long troubled 

evolutionary biologists[27,28].  Why should sex exist, when it is expected that natural selection 

would instead favor an organism that can produce offspring all by itself (using a process called 

parthenogenesis).  Finding a mate, producing males, creating showy traits – only to pass along 

the genetic equivalent of half of yourself to the next generation are all quite costly activities. So 

what is the biological benefit of sex and why is it so prevalent? Given the evidence existing, I 

propose we should now expect that selection favoring sex in eukaryotic populations acts at two 

different levels; selection favoring the maintenance of sex, and selection favoring the origin of 

sexual activity in eukaryotes.    

While existing work has already shown that sex is maintained in eukaryotic populations 

by endowing species with an enhanced ability to adapt to ever-changing environments through 

increased horizontal spread of positive mutations throughout the population (Figure 7.1A)[29,30], 

this mode of maintenance is through group selection, making it very difficult to understand how 

sex would have been selected for initially, in the first cells ever to try it. Dr. Donal Hickey’s 
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theory (described in detail in Chapter 3, and [31,32]) suggests that the origin of eukaryotic sex 

was driven by parasitic, semi-autonomous genetic elements, such as viruses or transposons, 

which promoted the initial sexual cell fusion events in order to promote their own intergenomic 

transmission between early eukaryotic cells (Figure 7.1B). Our data showing structural and 

functional similarities between HAP2 and viral fusogens could be viewed as early evidence 

supporting this infectious theory on the origin of sex. 

These evolutionary observations are consistent with the findings of Dr. Yorgo Modis 

regarding the nature of relationships between of CII viral fusogens.  Dr. Modis found in 2014 

that the conservation of solved class II viral fusogen structures doesn’t line up with their overall 

viral phylogenetic relatedness[33], a result that predicts the genetic elements encoding class II 

viral fusogen structures had independent mobility between different genetic systems.  

Subsequently, the necessity of cell-cell fusion as a primary step in eukaryotic sex, 

coupled with the wide prevalence and conservation of HAP2 orthologs in basal lineages of 

eukaryotes would expect HAP2 to have had a key role in the origin of eukaryotic sex.  These 

insights will likely begin to reshape our understanding of how profoundly horizontal gene 

transfer events between viruses and cells may have ultimately shaped the course of eukaryotic 

evolution.
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Figure 7.1 Selection for sex. A cartoon illustrating the two levels at which the selective forces 
work on sex in eukaryotic species (A) Sex is maintained in eukaryotes by the increased gene 
flow (arrows) it provides between members of a given population (circled). (B) Sex began in 
eukaryotes by selection on a selfish genetic element, which initiated the first cell-cell fusion 
event, thus favoring its own transmission between early eukaryotic cells.   
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