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ABSTRACT 

 

Turritopsis dohrnii (Cnidaria, Hydrozoa) undergoes life cycle reversal to avoid 

death caused by physical damage, adverse environmental conditions, or aging. This 

unique ability has granted the species the name, the “Immortal Jellyfish”. T. dohrnii 

exhibits an additional developmental stage to the typical hydrozoan life cycle which 

provides a new paradigm to further understand regeneration, cellular plasticity and 

aging. Weakened jellyfish will undergo a whole-body transformation into a cluster of 

uncharacterized tissue (cyst stage) and then metamorphoses back into an earlier life 

cycle stage, the polyp. The underlying cellular processes that permit its reverse 

development is called transdifferentiation, a mechanism in which a fully mature and 

differentiated cell can switch into a new cell type. It was hypothesized that the unique 

characteristics of the cyst would be mirrored by differential gene expression patterns 

when compared to the jellyfish and polyp stages. Specifically, it was predicted that the 

gene categories exhibiting significant differential expression may play a large role in the 

reverse development and transdifferentiation in T. dohrnii.  

The polyp, jellyfish and cyst stage of T. dohrnii were sequenced through RNA-

sequencing, and the transcriptomes were assembled de novo, and then annotated to 

create the gene expression profile of each stage. Comparative functional gene 

enrichment analyses with the cyst as the central stage of comparison reported significant 

GO categories that were over-expressed, such as telomere maintenance and DNA repair, 

in the cyst as compared to other stages. The enrichment analyses also reported 
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significantly under-expressed categories, such as mitotic cell division and cellular 

differentiation, in the cyst as compared to the other stages. Additionally, candidate 

genes, such as the Yamanaka (Oct4, Sox2, Klf4, c-Myc) and Thompson Factors (Lin28, 

Nanog) that exhibit potential association with the transdifferentiation processes were 

found among the three stages for downstream differential gene expression analyses. 

Ultimately, our work produced a foundation to develop an alternative model system to 

further investigate and comprehend regeneration, cellular plasticity and aging in 

metazoans. 
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1. INTRODUCTION  

 

 

1.1 Background 

 

Gene Expression 

Gene expression occurs universally in all forms of life, including viruses, and 

allows the vital assembly of molecular machinery required for cellular function. Recent 

comparative studies of developmental processes of different species have continued to 

reaffirm the concept that many genetic programs for development are preserved 

throughout many taxa, and evolutionary selection exhibit a tendency to act upon and alter 

conserved gene networks that may induce new functional proteins and cellular processes 

(Wagner, 1994; Levine and Tjian, 2003; Butland et al., 2005; Wildwater et al., 2005; 

Costa and Shaw, 2006). The presence of  homologous genetic networks among different 

taxa have expanded and reshaped the biomedical genetics sector by providing 

rationalization for the use of a variety of model systems, including mice (Jun-Li et al., 

2001; Orsulic et al., 2003; Takahashi and Yamanaka, 2006), amphibians (Brockes, 1997; 

Brockes and Kumar, 2002; Nye et al., 2003), Zebrafish (Poss et al., 2002; Lien et al., 

2006; Kikuchi et al., 2010), flatworms (Pellettieri and Sánchez-Alvarado, 2007; Gentile 

et al., 2011; Elliott and Sánchez-Alvarado, 2013), plants (Birnbaum and Sánchez-

Alvarado, 2008; Cary et al., 2002) and even non-metazoans such as E. coli (Lee et al., 

2003; Augusto-Pinto et al., 2003; Gogoi et al., 2006) and yeast (Botstein et al., 1997; 
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Longo and Kennedy, 2006; Fontana et al., 2010) to further our understanding and 

exploration of human health and disease. 

 

Regeneration 

Virtually all animals are capable of wound healing. However, after a substantial 

loss or damage of tissue, such as limbs and organs, only a few taxonomic groups appear 

capable of completely redeveloping complements of lost structures. Despite the limited 

number of taxa that have high regenerative capacities, a diverse array of approaches to 

overcome damage and injuries has evolved. Regenerative potential is often compromised 

as complexity in body organization increases. However, even though a larger number of 

early metazoan groups exhibit higher regenerative capacities, close evolutionary 

relationships with highly regenerating taxa or the complexity of body organization cannot 

be used to predict regenerative ability. C. elegans is a simple roundworm that cannot 

undergo cellular proliferation after development and exhibits no regenerative ability 

(Sánchez-Alvarado and Tsonis, 2006; Bely and Nyberg, 2010; Sánchez-Alvarado and 

Yamanaka 2014). On the other hand, some vertebrates such as urodele amphibians and 

zebrafish, are able to regenerate their tail, jaw, limbs and strikingly, parts of their eye 

(Tsonis and Rio-Tsonis, 2004; Brockes and Kumar, 2005; Jopling et al., 2011). A crucial 

question is whether genetic networks used for regeneration are highly conserved 

throughout metazoans, or are the outcomes of multiple independent evolutionary events. 

Numerous genes and cellular processes involved in differentiation during embryonic 

development have been shown to be key components of regeneration (Birnbaum and 
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Sánchez-Alvarado, 2008; Sánchez-Alvarado and Yamanaka, 2014). Despite the drastic 

differences in regenerative mechanisms among metazoan species, these components are 

often highly conserved across diverse taxa (Brockes and Kumar, 2008; Bely and Nyberg, 

2010). 

 Comparative studies of regeneration in metazoan groups with high regenerative 

capacities and those that lack such capabilities may permit the discovery of cellular 

components that are indispensable to regeneration. Although traditional model systems 

have yielded much progress in exploring human health, there are countless understudied 

taxa that exhibit interesting and pertinent traits that can facilitate better understanding of 

mechanisms of regeneration. It is hard not to deliberate whether modern research sectors 

are fully utilizing all of biological resources available, and therefore missing a large part 

of the picture to be uncovered if there were to use both traditional and non-traditional 

model systems. Few cnidarians, such as Hydra (Class Hydrozoa) and Nematostella (Class 

Anthozoa), have been used as models to understand animal evolution. Cnidarians are 

sister taxa to bilaterians and thus represents a critical phylogenetic link to protostome and 

deuterostome divergence in metazoans (Putnam et al., 2007; Watanabe et al., 2009; 

DuBuc et al., 2014). Additionally, the phylum exhibits a remarkably high level of 

conservation in genomic content and organization in comparison to vertebrate taxa 

(Spring et al., 2000; Gauchat et al., 2000; Miller et al., 2000). Combined with their highly 

regenerative capabilities, Cnidarians are the optimal candidates to identify constituents 

and mechanisms that are relevant to regenerative processes of early metazoans. 
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Genetic Network of Regeneration 

  The ultimate goal of regenerative medicine is to restore function in cells and 

replace lost tissue. Irreversible damage to the body, particularly in species with long life 

spans, can be caused by environmental stresses, aging, trauma and disease, resulting in a 

decline or cessation of physiological and physical functions. The drive to eliminate many 

of the threatening challenges in human health has uncovered the ever-expanding field of 

cellular transplantation therapy in hopes of engineering cells with “stem cell-like” 

plasticity (Yu et al., 2007; Yamanaka, et al., 2009; Kim and De Vellis, 2009; Sánchez-

Alvarado and Yamanaka, 2014). These cells are characterized to have capabilities of self-

renewal and the ability to differentiate into any cell lineages that ultimately allow them to 

regenerate lost or damaged parts. Shinya Yamanaka, recipient to the Nobel Prize in 

Physiology/Medicine in 2012, demonstrated that the overexpression of four transcription 

factors, Oct4, Sox2, Klf4 and c-Myc (functions described in Table 1) can generate an 

induced pluripotent stem cell (iPSC) from fibroblasts taken from an adult mouse tail 

(Takahashi and Yamanaka, 2006).   
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Transcription 
Factor 

Function 

Oct4  
(octamer-binding 

transcription factor 4) 

Mammalian transcription factor (encoded by POU5F1 gene) that is associated 
with the maintenance and renewal of undifferentiated embryonic stem cells that 
remain active during the embryonic stages (Niwa et al., 2000; Takahashi and 
Yamanaka, 2006; Yamanaka et al., 2007; Lengner et al., 2008; Shi and Jin, 
2010). Among the four transcription factors that generated an iPSc, Oct4 is 
indispensable and is a fundamental factor to inducing a pluripotent state. This 
transcript alone was capable of inducing a pluripotent state in neural cells (Kim et 
al., 2009). This transcription factor is highly expressed and is a repressor for cell 
specialization in undifferentiated states but becomes silenced when the cell 
undergoes differentiation (Pesce and Schöler, 2001; Zaehres et al., 2005). Oct4 
has been reported to promote tumorigenesis by inhibiting cell death (Tai et al., 
2005; Chiou et al., 2008; Saigusa et al., 2009).  

Sox2 
(sex determining 
region Y-box 2) 

Similar to Oct4, Sox2 also is associated with the maintenance of pluripotency in 
undifferentiated embryonic stem cells and neural stem cells, and plays a 
fundamental role in the embryonic development of mammals (Avilion et al., 
2003; Kiernan et al., 2005). The genes in the Sox family are known to be highly 
conserved amongst eukaryotic taxa, attracting much interest from evolutionary 
and clinical geneticists (Sasai, 2003; Uchikawa et al., 2003). Sox2 and Oct4 
interact and bind DNA cooperatively (Chambers and Tomlinson, 2009). This 
transcript has been reported to be also be involved in formation of cancers and 
tumors (Liu et al., 2013; Boumahdi et al., 2014) 

c-Myc Proto-oncogene (mutation contributes to cancer) encodes a transcript that 
regulated gene expression associated with maintaining the cell cycle, regulating 
apoptosis and metabolism (Kerr et al., 1994; Dang, 1999). This regulator is 
alleged to universally control gene expression of 15% of all genes in humans 
(Gearhart et al., 2007) and is up-regulated in many cancerous cells (Little et al., 
1983; Dubik et al., 1987; Chen et al., 2001) 

Klf4 
(kruppel-like factor 4) 

 

Transcript that cellular proliferation, apoptosis, differentiation and 
reprogramming, thus playing a large role in modulating reparative responses to 
DNA damage and maintaining its stability (Segre et al., 1999; El-Karim et al., 
2013). Klf4 is known to promote the formation of tumorigenesis but has also 
been shown to be an oncogenic suppressor (Rowland et al., 2005; Guan et al., 
2010).   

Table 1: Function and significance of Yamanaka factors. Oct4, Sox2, Klf4 and c-Myc are the core 
transcription factors that induced pluripotent stem cells in mammalian somatic cells.  
 

In addition to the Yamanaka factors, the reprogramming of human cells into IPSC 

were demonstrated using the combination of transcription factors Oct4, Sox2, Lin28 and 

Nanog by the Thompson Lab of University of Wisconsin, Madison (Yu et al., 2007). 

Lin28 and Nanog can replace c-Myc and Klf4, while Oct4 and Sox2 are indispensable. 

Transcription factors became recognized inducers of pluripotency and regenerative 
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mechanisms. The Yamanaka group later demonstrated that the same four transcription 

factors that induced pluripotency in mice could reprogram fibroblast in iPSC in humans 

(Takahashi et al., 2007). These discoveries opened up the potential of creating disease- 

and patient-specific stem cells to optimize health screenings and therapy, as well as 

overcoming the constant battle with ethics in using human embryos and oocytes for stem 

cell research. Because most of what we know about regenerative capabilities in cells and 

induction of pluripotency comes from in vitro experimentation, there is still much to be 

discovered about the underlying mechanisms that prompt transcription factor induced 

nuclear reprogramming to a pluripotent state in vivo.  

 

Aging 

 Biological aging is the physiological deterioration and decline of body 

functionality as a result of the reduced capabilities to regenerate and restore cellular 

machinery (Hayflick, 1985). In general, cellular regenerative potential decreases with 

aging (Taub and Longo, 2005; Sousounis et al., 2014). The decrease in regenerative 

potential results in the accumulation of cellular damage that may increase the 

development and progression of many late-onset diseases (Mutation-Accumulation 

Theory of Aging), especially in higher metazoans with long lifespans (Conboy and 

Rando 2005; Moskalev et al., 2012; Sousounis et al., 2014). Aging has been hypothesized 

to be the result of an evolutionary trade-off often associated with higher reproductive 

potential in earlier stages of sexual maturity (Schatten et al., 1999; Williams and Day, 

2003; Blagosklonny, 2010). This compensation is known as an antagonistic pleiotropy 
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effect, in which beneficial genes used in early development become detrimental later in 

ontogeny. Two factors that have been shown to be correlated with aging are stem cell 

exhaustion and telomerase attrition (Silva and Conboy, 2008; Seifert and Voss, 2013). 

Self-renewing stem cells and molecular signaling pathways that regularly repair cellular 

machinery become fatigued and malfunction as we age (Terman and Brunk, 2004; 

López-Otín et al., 2013). The length of telomeres and telomerase activity are believed to 

directly influence the productivity of stem cells and has been recognized as a method to 

measure aging (Djojosubroto et al., 2003; Blasco, 2007). Telomeres, the ends of linear 

chromosomes, are long nucleotide repeats that are maintained by the reverse transcriptase 

enzyme telomerase. Germline cells continually produce this enzyme and therefore are 

considered “immortal”, but its production is limited in somatic cells of most metazoans. 

As a result, telomeres shorten at every cell division. The cumulative and detrimental loss 

of genetic material has been linked to cell dysfunction and aging (Kaul et al., 2012; 

Campisi, 2013). Cancerous cells on the contrary exhibit large amounts of telomerase at 

all times (Shay, 1997; Shay and Gazdar, 1997; Bechter et al., 1998; Neumann et al., 

2013; Hoxha et al., 2014). 

Much effort has been allocated to research that may provide further knowledge of 

the range of senescence and cellular processes of aging in Metazoa. There is evidence 

that some of the eukaryotic genetic networks and biochemical processes involved with 

aging and longevity are conserved within Metazoans (Pitt and Kaeberlein, 2015; Faisal et 

al., 2014; Murthy and Ram, 2015).  
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Traditional invertebrate model systems, particularly round worms and fruit flies, 

have provided much insight on the consequences of senescence and genetic pathways 

associated with lifespan. There are, however, clear limitations in fully understanding 

aging when utilizing only traditional and familiar model systems. Roundworms and fruit 

flies are in phyla that have undergone broad divergence from the most recent ancestor 

with mammals (Kortschak et al., 2003; Austad, 2009; Bosch, 2012; Murthy and Ram, 

2015; Sell, 2015). Although cnidarians have diverged from mammals much earlier than 

roundworms and fruit flies, it has been reported that many inherited features of the 

genome have been conserved from hydrozoans to mammals that are lost, replaced, or 

modified in C. elegans and D. melanogaster (Bignell et al., 1997; Lo et al., 2003; 

Kusserow et al., 2005; Sullivan and Finnerty, 2007; Martinez and Bridge, 2012). In 

addition, the phyla exhibit high regenerative potential in comparison to roundworms and 

fruit flies.  

Cnidarians such as Hydra (Martinez, 1998; Vaupel et al., 2004) and some 

anthozoans (Prouty et al., 2011; Reiter et al., 2012) do not follow common trajectories of 

aging and are considered to display negligible senescence. The common symptoms of 

aging, such as the increase in mortality rate and the decline in reproductive rates, are not 

observed in these organisms (Finch, 1994). Various coral species (Class Anthozoa) have 

been utilized for aging research as they have the ability to sexually and asexually 

reproduce continuously throughout their lifetime with no evidence of senescence (Vaupel 

et al., 2004; Roark et al., 2009; Sherwood and Edinger, 2009; Prouty et al., 2011). Some 

species of Hydra (Class Hydrozoa) are well-studied solitary cnidarians that have 
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demonstrated negligible senescence for multiple years when kept in laboratory settings 

(Martinez, 1998; Watanabe et al., 2009; Martinez and Bridge, 2012; Reiter et al., 2012). 

Similar to corals, Hydra can undergo asexual reproduction to bud clonal polyps from 

adults in addition to sexual reproduction and have unlimited capacities to self-renew 

tissue. The entire body is composed of three different cell lineages that all possess their 

own stem cell population. Progenitor interstitial stem cells (I-cells) give rise to all cells in 

the body as Hydra do not pertain a separate soma and germline throughout ontogeny 

(Bosch and David, 1984; Galliot, 2012; Bosch, 2012). A new promising system to study 

both regeneration and aging is the hydrozoan Turritopsis dohrnii. 

 
 

1.2 Study System: Transdifferentiation in Turritopsis dohrnii 

 

 Hydrozoa are a class of the phylum Cnidaria that exhibit complex life cycles.  

They remain comparatively unexplored due to a limited number of experts that can 

collect Hydrozoa in the field or identify to the species level. The typical hydrozoan life 

cycle starts with a planula larval stage that settles on a substrate and develops into the 

juvenile polyp stage (Figure 1A). The polyps asexually form new polyps, and expand into 

a sessile colony. During optimal environmental conditions and seasons, polyps bud the 

free-swimming medusae (jellyfish). Adult medusae release gametes into the water 

column and planulae larvae are produced through external fertilization. The planula 

settles on the appropriate substrate and metamorphoses into the polyp, thus closing the 

life cycle. The benthic polyp and planktonic medusa dramatically differ in morphology as 
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each stage exhibits stage specific structures. Within the class Hydrozoa, the species 

Turritopsis dohrnii (Filifera, Family Oceaniidae) additionally exhibits a unique 

developmental trait that can provide a new paradigm for studies in a vast array of 

developmental biology sectors. 

 

 
Figure 1: Life cycle of T. dohrnii (reprinted from Miglietta and Lessios, 2009). A) Typical hydrozoan 

lifecycle. B) Dying medusa transforms into a cyst, in which cellular transdifferentiation occurs. 
  

 Turritopsis dohrnii can avoid death caused by physical damage, sub-optimal 

environmental conditions, and senescence through reverse development. When exposed 

to stressful conditions, medusae of T. dohrnii are able to revert back into a polyp (Figure 

1B). During the metamorphosis, the mesoglea (gelatinous layer between ecto-and 

endoderm) of the jellyfish is reduced and tentacles retract (Figure 2A-C), and the medusa 
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becomes an uncharacterized cyst-like structure with chitinous exterior that settles and 

attaches to substrate (Figure 2D-E). This cyst stage has not been adequately characterized 

in terms of tissue and cell component and thus, is referred to as uncharacterized. The cyst 

metamorphoses back into a polyp within three days post-induction (Figure 2F-J), and 

then undergoes the typical hydrozoan lifecycle (Schmich et al., 2007). Due its small size 

(Figure 2), the species is very inconspicuous and not much regarding their ecological 

nature is known (e.g. food source, predators, number of gametes spawn).  

 

 

 
Figure 2: Reverse development of T. dohrnii (reprinted from Schmich et al., 2007). Scale bars: A) 500µm; 
B) 300µm; C) 300µm; D) 150µm; E) 150µm; F) 400µm; G: 400µm; H) 300µm; I) 300µm; J) 400µm. 
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Medusae and polyps possess different cell types. For example, specialized sensory 

structures called ocelli and statocysts are only present in the free swimming medusae, 

while only sessile polyps can produce a chitinous sheath (perisarc) that protect the 

delicate body from peripheral damage (Piraino et al., 1996). Hydrozoans contain 

migratory, self-renewing stem cell reserves between epithelial tissues called interstitial 

cells (I-cells), most heavily explored in Hydra (Bode, 1996; Martinez, 1998; Martinez 

and Bridge, 2012). Although I-cells play a role in tissue and organ regeneration in both 

polyps and medusae of Hydrozoans, T. dohrnii life cycle reversal can occur even from 

fragments of medusae that do not contain I-cells (Piraino et al., 1996). Selective tissue 

excisions of T. dohrnii have shown that the manubria of the medusa cannot revert into 

perisarc-secreting tissue despite the abundant population of I-cells. On the other hand, the 

exumbrellar epidermis that does not contain any populations of I-cells was able to 

transform back into the polyp. This implies that during the reverse development of T. 

dohrnii, cells undergo transdifferentiation (Piraino et al., 1996). Cell transdifferentiation, 

also known as cellular reprogramming, allows mature, differentiated cells to reprogram 

themselves into a new (needed) cell type (Okada, 1991). It occurs in two stages: first the 

cells de-differentiate, and then a new developmental program is activated, allowing the 

cells to develop into a different cell type. It is also believed that the regulation of 

transcription factors represents a transition bridge between initial and target cells 

(MacQuarrie et al., 2011; Iwafuchi-Doi and Zaret, 2014). The cellular transdifferentiation 

occurs at the cyst stage in T. dohrnii, when the dying medusa is about to metamorphose 

back into the polyp (Figure 1B). Reverse development and cell transdifferentiation in T. 
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dohrnii can be induced through starvation, mechanical damage, heat shock or chemical 

exposure to Cesium Chloride (CsCl) (Piraino et al., 1996; Piraino et al., 2004; Schmich et 

al., 2007).  

T. dohrnii contradicts the paradigm of aging and ontogenesis of most metazoans. 

For example, the onset of sexual reproduction has long been accepted as the point of no 

return in the ontogenetic sequence of an organism, and is normally followed by 

senescence and death (Stearns, 1976; Piraino et al., 1996; Mahmoudi and Brunet, 2012). 

However, the reverse metamorphosis can be induced by senescence in T. dohrnii, as 

reproductively senescent jellyfish can still revert back into a juvenile polyp stage (Piraino 

et al., 1996; Schmich et al., 2007). In fact, reverse development can occur at any time 

during the medusa stage, from newly released newborns to senescent. T. dohrnii’s unique 

life cycle makes it an excellent system to study cell transdifferentiation, life cycle 

reversal and aging in basal metazoans.  

Understanding the genetic basis of transdifferentiation is especially important to 

study the flexibility of cellular phenotypes and regeneration. Much of the effort in 

regenerative research is often conducted in vitro. This approach, although extremely 

useful to identify key underlying genetic components, neglects to address the complexity 

of in vivo transdifferentiation. Removing a cell from its natural environment has 

commonly induced changes in phenotype, cellular stability and behavior (Holtfreter, 

1947; Goldberg et al., 2007; MacArthur and Lemischka, 2013). T. dohrnii, thus represent 

a relatively simple model system to assess natural transdifferentiation in vivo and address 
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the mechanisms by which cells spontaneously (in vivo) leave a differentiated state to 

become a new lineage. 

  Finally, T. dohrnii’s sister species (T. nutricula) does not have the capability to 

reverse its life cycle (Miglietta et al., 2007). This allows for interesting comparative 

analyses that can shed light on how cell transdifferentiation and life cycle reversal can 

occur in one species (T. dohrnii), but not the other (T. nutricula).  

 

1.3. Research Approach: RNA-Sequencing and de novo assembly 

 

 Transcriptomics, the study of gene expression profiles, can be used to investigate 

how gene activity is influenced by development, different environmental conditions, or 

the progression of a disease. Gene expression landscapes can be explored using a broad-

ranged, high-throughput technique called RNA-sequencing (RNA-seq), that utilizes 

complementary DNA (cDNA) synthesized from messenger RNA (mRNA) by an RNA-

dependent, retroviral DNA polymerase (Metzker, 2010). RNA-seq allows the 

quantification of RNA transcripts, including non-coding RNA, to create a snapshot of the 

genes expressed at the specific stage. Transcriptomes (gene expression profile) offer 

distinct advantages over genome (entire genetic profile) sequencing because it focuses on 

gene expression and activity rather than gene structure.   

 RNA-seq has been utilized on a broad range of living organisms, from 

prokaryotes to humans, to reveal the genetic constituents involved in a cell, organ or 

entire organism (Core et al., 2008; Nagalakshmi et al., 2008; Oliver et al., 2009; Ozsolak 
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and Milos, 2011; Iacobucci et al., 2012; Shpirer et al., 2014). Prior to the development of 

RNAseq, gene activity was studied primarily using DNA hybridization microarray 

technologies. In comparison, microarrays are unable to completely catalog all levels of 

gene expression as it requires a prior genomic reference alignment, have significantly 

lower sequence throughput, low range of detection, and is additionally cost and labor 

intensive.  

RNAseq offers the ability to explore non-traditional systems lacking a 

corresponding reference genome by enabling the construction of de novo transcriptome 

alignments through the reassembly of fragmented sequences (Metzker, 2010). In 

addition, de novo approach assemblies can uncover novel genes or sequence variation 

that is masked or left out during reference-guided alignment. Thus, researchers are even 

conducting de novo assemblies of the human genome to fully capture and further 

complete the genomic profile of our species (Chaisson et al., 2015; Li et al., 2010; 

Mostovoy et al., 2016).  

A de novo assembler serves to arrange short reads into contiguous sequences 

(contigs) that will represent part or an entire mRNA transcript (Zerbino, 2010; Luo et al., 

2012; Haas et al., 2013). A popular algorithm approach to de novo assembly, used in 

assemblers such as Trinity, is to partition the sequencing data into multiple individual de 

Bruijn graphs, directed graphs that represent the overlapping region between sequencing 

reads, which are then utilize these graphs to identify all transcript variants, including 

alternatively spliced isoforms to capture the complexity of the transcriptome (Compeau et 

al., 2011; Haas et al., 2013).  
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RNA-seq projects with goals to assemble a transcriptome using the de novo 

approach follows four fundamental steps (Baker, 2012). First, the mRNA is extracted, 

fragmented and then sequenced. Second, a de novo assembler will find overlaps between 

sequencing reads. Third, the overlaps in the reads will be assembled into contigs, or 

contiguous sequences that best represents the mRNA transcript. Fourth, these contigs can 

be assembled into scaffolds, which are the contigs accumulated in the order represented 

in its genome with gaps that represent non-coding regions.  

 

 

 

 

 

 

 

 

  



 

17 

 

1.4. Research Goals 

 

 The long-term goal is to establish Turritopsis dohrnii as an alternate model 

system to further understand regeneration, cellular plasticity and aging. The objective is 

to characterize the transcriptome profiles that underlie T. dohrnii’s life cycle with 

emphasis on its cell transdifferentiation and reverse development. Specifically, this 

research aims to: A) characterize the transcriptome landscapes through T. dohrnii’s life 

cycle with focus on the polyp, the newborn jellyfish and the cyst, and B) to identify the 

genes involved in its transdifferentiation. Because transdifferentiation occurs at the cyst 

stage, it is hypothesized that the transcriptome profile of the cyst would showcase over-

expressed gene categories that are involved in longevity and the undifferentiated cell 

state, and under-expressed gene categories would reflect the seemingly dormant state of 

the cyst, such as cellular characterization and development.  

RNA-sequencing reads from the fertile polyps, newborn jellyfish, and cyst 

were generated and then assembled into separate transcriptomes using a de novo 

approach, followed by bioinformatic analyses. The stage-specific transcriptomes were 

assigned functional annotation and comparative analyses to explore the different gene 

networks and pathways that may potentially be involved T. dohrnii’s ability to undergo 

cellular transdifferentiation. The cyst is the central stage of our comparison as it directly 

involved in the process of transdifferentiation. The generated transcriptomes were 

additionally screened for the presence candidate genes that exhibit potential association 
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with transdifferentiation in T. dohrnii. The candidate genes of interest were categorized 

into its association with the induction of pluripotency or longevity and aging.   



 

19 

 

2. METHODOLOGY 

 

 

 An overall workflow of the research methods described in this section can be 

found below in Figure 3. 

 

 
Figure 3: Workflow of research methods.  

 

2.1 Specimen collection/Species identification 

 

Colonies bearing medusa buds of Turritopsis dohrnii were collected in Otranto, 

Italy in July 2013 by M.P. Miglietta at 5mt depth, and in a rocky and exposed 

environment. The individual colonies were kept isolated in glass bowls in room 

temperature near a light to collect newly released jellyfish. RNAlater RNA stabilization 

solution (ThermoFischer Scientific) was used as the specimen preserving reagent to 
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stabilize and prevent the degradation of RNA. The fertile colony and newborn jellyfish 

were preserved individually in RNAlater and stored in -80° until further processing.  

 Fertile colonies of T. dohrnii were collected in Bocas del Toro, Panama in 2015 at 

1-2mt depth range. Individual colonies were once again kept isolated in glassware in 

room temperature near light to encourage the release of jellyfish. The newborn jellyfish 

were immediately transferred following release to a separate glass bowl with new filtered 

sea water to best eliminate possible biological contaminants. The jellyfish were starved in 

order to avoid genetic contamination from undigested non-target organisms, and induced 

to transform into cysts (24-48 hours). The cysts were preserved in RNAlater when the 

jellyfish retracted all of its tentacles to form a ball-like structure and has settled on 

substrate (Piraino et al., 1996). In addition, the colony in which the cyst originated from 

was preserved to confirm the species identification.  All specimen samples were stored in 

-80° until further processing.  

 Prior to RNA extraction, total DNA was extracted from a piece of polyp tissue 

from both collections using a protocol provided by M.P. Miglietta (Miglietta Lab, 

TAMUG). The purity and concentration of DNA was confirmed using the Thermo 

Scientific NanoDrop2000 Spectrophotometer. A fragment of the mitochondrial 16S gene 

was amplified using forward SHA and reverse SHB primers [Forward (SHA): 5’-

TCGACTGTTTACCAAAAACATAGC-3’, Reverse (SHB): 5’-

ACGGAATGAACTCAAATCATGTAAG-3’] for DNA barcoding to identify the 

species. PCR products were digested through agarose gel electrophoresis and visualized 



 

21 

 

for the presence of a DNA band, treated with ExoSAP, and sequenced to confirm the 

species identification. 

 

2.2 RNA extraction/Library construction/RNA-sequencing 

 

Total RNA was extracted from the fertile polyps and a pooled sample of jellyfish 

(approximately 25-50 individuals) using Qiagen’s RNAeasy Mini Kit (Cat. #: 74104) 

following manufacturer’s instructions. Epicentre’s MasterPureTM RNA Purification Kit 

(Cat.#: MCR85102), specifically made for samples with low number of cells or little 

tissue, was used to extract total RNA from individual cysts. Multiple replicates of cysts 

were extracted. The protocol was carried out with the following minor modifications 

recommended by the manufacturer: 1) Pre-rinsing and removing RNAlater from tissue 

using the T&C Buffer, 2) 1/5th of reagents were used due to the small amounts of tissue, 

3) increased number of ethanol washes for the additional purification of RNA. The 

concentration of all RNA extracts was determined using the Thermo Scientific 

NanoDrop2000 Spectrophotometer, and their integrity was validated via Agilent 

Technologies Bioanalyzer prior to initiating library construction for sequencing. Three 

replicates of the cyst stage with the highest quantity of RNA and quality were selected for 

further processing.  

The sequencing library for the polyp stage was constructed by the University of 

Nortre Dame’s Genomic and Bioinformatic Core facility using the TruSeq RNA Sample 

Prep Kit v2 from Illumina (Cat. #: RS-122-2001) following the manufacturer’s protocols. 
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For the jellyfish and cyst RNA extractions, the amount of output RNA was less than 

100ng and thus, a pre-prep amplification step was performed prior to library preparation 

at TAMU’s Agrilife Fenomics and Bioinformatics sequencing facility. A Poly A-based 

SMARTer Ultra Low Input RNA kit for Sequencing v4 kit from Clontech Laboratories 

(Cat. #: 634888) was used for the amplification according to manufacturer’s protocol. 

100uL of the resulting jellyfish and cyst cDNA generated in the amplification was 

constructed as separate libraries using the TruSeq Nano DNA Library Preparation Kit 

from Illumina (Cat. #: FC-121-4001) following manufacturer’s instructions.  

The cDNA from the fertile polyp library was sequenced using the Illumina MiSeq 

platform (Illumina Sequencing Technologies) generating 83 bp paired-end (PE) reads. 

The cDNA from the jellyfish library was sequenced using the Illumina HiSeq2500v4 

platform generating 125 bp PE reads. The cDNA from the three cyst libraries were 

individually sequenced using the Illumina HiSeq4000 platform generating 150bp PE 

reads for each library. 

 

2.3 De novo transcriptome assembly 

  

Polyp and jellyfish stage 

The quality of the PE reads generated from fertile polyps and jellyfish library was 

examined using the FastQC tool (Andrews, 2010). Reads from polyps and jellyfish were 

trimmed prior to assembly using the default setting in the trimmomatic tool (MacManes, 

2014) within Trinity version 2.2.0. Trimmed reads were normalized using in silico 
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normalization within Trinity’s toolkit using default parameters. The normalized RNA-seq 

reads of the fertile polyp and jellyfish stage were individually assembled de novo via 

Trinity using a k-mer size of 25. Assembly statistics were generated using the 

trinitystats.pl script within Trinity’s toolkit. 

Cyst Stage 

 The quality of the PE reads of the three cyst libraries was examined using the 

FastQC tool. In addition, each dataset was aligned to the fertile polyp and jellyfish 

assembly to assess the quality of the reads. Two of the datasets that had high alignment 

percentages and low percentages of broken reads were chosen and pooled together. The 

same trimmomatic and de novo assembly via Trinity workflow (see subsection above for 

parameters) followed, and assembly statistics were generated.  

 
 

2.4 Completeness of transcriptomes 
 

  Input reads resulting from Trinity’s in silico normalization were mapped back to 

assembled contigs via TopHat v2.1 and CLC Genomic Workbench v8 alignment software 

using default parameters to evaluate the quality of the assemblies. The BUSCO v2.0 

software (Simão et al., 2015) was used to assess the completeness of gene content in each 

assembled transcriptomes. The contents of the Eukaryota and Metazoa database (files: 

metazoan_odb9 and eukaryota_odb9 downloaded from the software website 

(http://busco.ezlab.org)) was used for the assessment with default settings (expectation 

value of e-3).  
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2.5 Functional annotation of transcriptomes 

 

The annotation pipeline from Blast2GO PRO program (Conesa et al., 2005; Götz 

et al., 2008) was used to assign functional annotation to the three stage-specific 

transcriptomes. Blastx through CloudBlast (Matsunaga et al., 2008) was performed on the 

assemblies against NCBI’s Non-Redundant (NR) database using the following 

parameters: expectation value of e-3, word size of 6 and HSP length cutoff of 33, and the 

top 20 hits were saved. Sequences that exceeded the upper limit for NR database searches 

of 18,000 bps (3 sequences from Jellyfish; 12 from Cyst) were blasted on CloudBlast 

against the Metazoa database (as recommended by Blast2GO support team). Gene 

Ontology (GO) functional annotation was conducted with the following parameters: 

annotation cutoff of 55, GO weight of 5, expectation value of e-6 and a HSP-Hit coverage 

cutoff of 0. InterProScan (Zdobnov and Apweiler, 2001) was also used to perform protein 

domain-based identifications in InterPro databases to build upon and confirm existing 

GO annotations. The following databases were searched in InterProScan: BlastProDom, 

FPrintScan, HMMPIR, HMMPfam, HMMSmart, HMMTigr, ProfileScan, HAMAP, 

SuperFamily, HMMPanther and Gene3Ds. Sequences with open reading frames that do 

not translate to the minimum of 11 amino acids were unable to be utilized in 

InterProScan (15 sequences from fertile polyps; 9 from Jellyfish; 6 from cyst). ANNEX 

Augmentation was performed after merging the Interpro annotations, and 1st level 

annotations were manually removed as recommended in a Blast2GO methodology report 

(Conesa and Götz, 2008). Lastly, the Enzyme Comission (EC) codes mapping was 
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conducted in order to generate Kyoto Encyclopedia of Genes and Genomes (KEGG) 

maps downstream.  

Due to predicted ecological contamination in the polyp transcriptome of taxa 

closely related to the Protista species Reticulomyxa filosa, the sequences that had at least 

one top hit to R. filosa were re-blasted against the metazoan database and the Blast2GO 

annotation pipeline was re-performed.  

 

2.6 Functional enrichment analyses 

 

 Functional enrichment analyses were conducted using the FatiGO (Al-Shahrour et 

al., 2004) package within the data mining tools of the Blast2GO PRO program. Prior to 

the analyses, all three transcriptomic datasets of the stages were combined into one 

dataset and a sequence ID list that corresponds to each stage’s dataset was generated as 

the working dataset. The Fischer’s Exact Test (two-tailed) was performed using the False 

Discovery Rate (FDR) p-value of 0.01 to compare the datasets of the following: 1) Cyst 

vs. polyps; 2) Cyst vs. jellyfish; 3) Cyst vs. polyps and jellyfish combined. The results 

were generated as graphs showing the over- and under-expression of functional 

subgroups broadly categorized into the following: biological function, molecular function 

and cellular components.  
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2.7 Screening of candidate genes 

 

 Genes of interest were searched NCBI’s GenBank database 

(https://www.ncbi.nlm.nih.gov/) under the ‘Gene’ category, and the orthologs of specific 

taxa were chosen. All mRNA variant sequences for the genes of interest were 

downloaded as fasta files from NCBI’s Reference Sequences (RefSeq) database. The 

sequences were uploaded onto CLC Genomics Workbench Version 8, and tBlastx was 

performed on the downloaded fasta files against all three of the T. dohrnii transcriptomes. 

An e-value cutoff of e-8 was used for tBlastx to set a stringent cutoff and to ensure truly 

significant results. The outputs of the blast search and the presence or absence of genes 

were recorded all three stages. 
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3. RESULTS AND DISCUSSION 

 

 

3.1 Transcriptome sequencing and assembly 

 

Innovative deep sequencing techniques have allowed the assembly of 

transcriptomes in non-model organisms that lack a reference genome. A de novo 

approach using the Trinity software was performed to generate the three stage-specific T. 

dohrnii transcriptomes. The Trinity program utilizes the Inchworm, Chrysalis and 

Butterfly software modules to construct de novo assemblies. Briefly, Inchworm 

assembles the reads into unique contiguous sequences (contigs) and reports distinctive 

regions of alternatively spliced isoforms. Chrysalis then clusters the generated contigs to 

build de Bruijn graphs that represent transcriptional complexity within or among several 

genes. Butterfly then processes the resulting de Bruijn graphs and reports full-length 

isoforms and separates paralogous transcripts.  

Prior to the de novo assembly, quality trimming was conducted using the 

Trimmomatic tool within Trinity version 2.2.0. Default parameters based off the 

optimized parameters of a Trimmomatic methodology article by MacManes (2014) was 

utilized. The trimmed reads were then normalized through Trinity’s in silico 

normalization to condense reads based on sequencing depth (maximum coverage of 30x) 

and improve the run time of the assembly. In silico normalization reduced the 

redundancy of highly expressed reads while conserving low coverage reads (Haas et al., 
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2013). Thus, the normalization process will not reduce the overall coverage of de novo 

transcriptome assembly, as long as the input reads undergone sequencing inclusive of all 

transcripts and genes. The resulting normalized reads were then fed to the de novo 

assembly pipeline to build the transcriptomes.  

The trinitystats.pl script from the Trinity toolkit utilities was used to generate 

assembly statistics based on overall transcript length for all three assemblies. These 

statistics can be used to assess the quality of the assembly, as longer reads are more 

desirable as they have higher confidence than the shorter reads. Shorter reads may be 

composed of repetitive sequences that can be aligned to other sequences within its 

genome creating ambiguities during downstream analyses.  

Polyp Transcriptome 

 The Illumina MiSeq generated 47,008,570 reads (23,504,285 paired) from polyp 

library. 46,947,184 reads (23,473,592 paired) remained after quality trimming and 

17,552,220 reads (8,776,110 paired) were left after normalization (Table 2).  

 

 
Table 2: Number of raw, trimmed and normalized reads. 

 

Polyp Jellyfish Cyst

Raw Reads 47,008,570
(23,504,285 paired)

42,190,870
(21,095,435 paired)

90,019,818
(45,009,909 paired)

Trimmed Reads 46,947,184
(23,473,592 paired)

42,002,298
(21,001,149 paired)

89,811,296
(44,905,648 paired)

Normalized Reads 17,552,220
(8,776,110 paired)

6,220,660
(3,110,330 paired)

11,289,162
(5,644,581 paired)
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The normalized reads were assembled into a transcriptome with a total length of 

approximately 68.32 Mb and produced 92,659 transcript isoforms and 76,456 unique 

transcripts with a GC content of 37.33%. 10% (N10) of the 92,659 contigs are larger than 

3,576 bps, 30% (N30) are larger than 2,116 bps and half (N50) are larger than 1,332 bps. 

The assembly ranged from 201bps to 11,079bps with the median length of 376bps and 

mean length of 737.35bps (Table 3). The summary of transcript length distribution of the 

transcriptome can be found in Table 4 and visualized in Figure 4. 

 

 
Table 3: Trinity de novo assembly statistics. 

 

Polyps  Jellyfish Cyst
# of unique transcripts 76,456 58,312 62,666
# of transcripts 92,659 74,641 86,373
% GC 37.33 37.17 38.25
Contig N10 3,576 3,766 3,935
Contig N30 2,116 2,196 2,420
Contig N50 1,332 1,434 1,634
Median contig length 376 493 645
Mean contig length 737.35 864.82 1,010.57
Minimum length 201 201 201
Maximum length 11,079 20,570 20,736
Total assembled bases 68,322,250 64,550,812 87,289,185
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Table 4: Transcript length distribution of transcriptomes. 

 

 
Figure 4: Transcript length distribution of transcriptomes. 

 

 

Length (bps) Transcripts % Transcripts % Transcripts %
200-500 56,902 61.41% 37,717 50.53% 35,498 41.10%
501-1000 15,558 16.79% 15,958 21.38% 20,986 24.30%
1001-1500 7,726 8.34% 8,633 11.57% 11,420 13.22%
1501-2000 4,999 5.40% 5,115 6.85% 7,142 8.27%
1001-2500 3,031 3.27% 2,860 3.83% 4,377 5.07%
2501-3000 1,765 1.90% 1,704 2.28% 2,627 3.04%
3001-3500 1,077 1.16% 1,061 1.42% 1,693 1.96%
3501-4000 627 0.68% 579 0.78% 1,021 1.18%
4001-4500 386 0.42% 331 0.44% 704 0.82%
4501-5000 236 0.25% 238 0.32% 340 0.39%
>5000 352 0.38% 443 0.59% 565 0.65%

Polyps Jellyfish Cyst
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Jellyfish Transcriptome 

 The Illumina HiSeq2500v4 generated 42,190,870 reads (21,095,435 paired) from 

the jellyfish library. 42,002,298 reads (21,001,149 paired) remained after quality 

trimming and 6,220,660 reads (3,110,330 paired) were left after normalization (Table 2). 

The normalized reads were assembled into a transcriptome with a total length of 64.55 

Mb and produced 74,639 transcript isoforms and 58,312 unique transcripts with a GC 

content of 37.17%. 10% of the 74,639 contigs are larger than 3,766bps, 30% are larger 

than 2,196bps and half are larger than 1434 bps. The assembly ranged from 201bps to 

20,570bps with the median length of 493 bps and mean length of 864.82 bps (Table 3). 

The summary and figure of transcript length distribution of the transcriptome can be 

found in Table 4 and Figure 4.  

Cyst Stage 

 The Illumina HiSeq4000 platform generated the following number of reads for 

three cyst replicates: Cyst1) 51,524,006 reads (25,762,003 paired); Cyst2) 54,006,982 

reads (27,003,491 paired); Cyst3) 38,495,812 reads (19,247,906 paired). The FastQC 

report was generated and an abnormally high and unparalled GC% content for the Cyst2 

PE reads (48% and 50%) in comparison to Cyst1 (both 39%) and Cyst3 (both 41%), and 

even more so when compared to the polyps (37.22%) and jellyfish (37.17%) assemblies 

(Table 5). Additionally, the quality of the reads in the Cyst2 dataset had significantly 

lower quality than the other two cyst replicates.  

 Due to the cyst stage being the central stage of interest and the importance of high 

quality input reads for systems without a reference genome, RNA-seq alignments were 
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performed using the fertile polyp and jellyfish stage as the reference to further assess the 

quality of the cyst datasets prior to de novo assembly. Using the CLC Genomics 

Workbench Version 9 software, the reads from Cyst1 and Cyst3 were trimmed using the 

limit score of 0.1, equivalent to a Phred score cutoff of 10. The reads from Cyst2 were 

trimmed using the limit score of 0.316, equivalent to a Phred score cutoff of 15, due to its 

lower overall quality of the dataset. The trimmed reads for all three datasets were then 

aligned to the polyp and jellyfish transcriptomes separately as well as combined length 

fraction value of 0.5 and similarity fraction of 0.8, and the paired-distances were 

estimated. Cyst1 had an estimated paired distance range of 128-594 bp and had high 

alignment percentages in the range of approximately 93%-97% against the polyp and 

jellyfish transcriptomes (Table 5). The broken reads percentage for Cyst1 was relatively 

low in the range of approximately 11%-17%. Similarly, Cyst3 had an estimated paired 

distance range of 128-596 bp, had a high alignment percentage in the range of 

approximately 89%-95%, and a slightly higher percentage range of broken reads, 

approximately 15%-20%. Cyst2 in comparison had an estimated paired distance range of 

0-3,830 bp with few pairs mapped, had an unusually large range in alignment percentages 

of approximately 10%-92%, and broken read pairs of approximately 8%-61%. The very 

low range in the estimated paired distance for the Cyst2 replicate shows that a large 

portion of the dataset consist of pairs that have short reads or do not align correctly, also 

portrayed in the differences of %GC content between the PE datasets. The very low 

alignment rate (9.68%) against the polyp assembly as compared to the other two 

replicates, but a high alignment rate against the jellyfish reference most likely signifies 



 

33 

 

that only a small variety of mRNA transcripts were incorporated into the library 

construction and has mapped multiple times to alignments exclusively found in the 

jellyfish. In addition to the short reads and low coverage, the high percentages of broken 

reads are particularly not suitable for quality de novo approach assemblies. Thus, Cyst2 

was excluded from our dataset.  

 

 
Table 5: Cyst RNA-seq alignment. The percentage of reads mapped, percentage of broken reads, and 

estimated paired distance of three cyst replicates aligned to the polyp and jellyfish transcriptomes.  
 

 The raw RNA-seq reads of Cyst1 and Cyst 3 were pooled into one dataset and the 

same protocol for base trimming, normalization and de novo assembly of the polyp and 

jellyfish assembly was followed. In total, 90,019,818 reads (45,009,909 paired) raw reads 

were used as input. 89,811,296 reads (44,905,648 paired) remained after quality trimming 

and 11,298,162 reads (5,644,581 paired) were left after normalization (Table 2). The 

normalized reads were assembled into a transcriptome with a total length of 

approximately 87.29 Mb and produced 86,373 transcript isoforms and 62,666 unique 

Polyps Jellyfish Combined
% Reads mapped 92.98% 94.90% 96.95%
% Broken pairs 10.61% 14.36% 16.64%
Est. paired distance 128-594 bp 130-594 bp 128-594 bp
% Reads mapped 9.68% 91.91% 91.90%
% Broken pairs 8.73% 60.54% 60.58%
Est. paired distance 0-3830 bp * 0-240 bp 0-240 bp
% Reads mapped 90.97% 88.71% 95.02%
% Broken pairs 14.65% 15.02% 19.54%
Est. paired distance 172-596 bp 128-596 bp 172-596 bp
*= Few pairs mapped

Cyst1

Cyst 2

Cyst3
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transcripts with a GC content of 38.25%. 10% (N10) of the 86,373 transcripts are larger 

than 3,935 bp, 30% (N30) are larger than 2,420 bp, and half (N50) are larger than 1,332 

bp. The assembly ranged from 201-20,736 bp with the median length of 645 bp and the 

mean length of 1010.57 bp. The summary and transcript length distribution can be found 

alongside the other stages in Table 4 and in Figure 4.   

 The cyst stage had a higher quality assembly based on the higher overall 

transcript lengths when compared to the polyp and jellyfish transcriptome (Table 3). 

Although the cyst stage did not have the highest number of assembled transcripts, the 

stage exhibited the highest number of assembled bases, N50 statistics, median and mean 

contig length, and incorporated the largest assembled contig among the transcriptomes. 

The number of assembled and unique transcripts may be dependent on the nullified 

physiological nature of the cyst stage, in which most phenotypic characters are reduced. 

72.55% of the total number of assembled transcripts were unique in the cyst stage, while 

the polyp and jellyfish stage had 82.51% and 78.12%, respectively, the lower percentage 

of unique transcripts potentially reflecting its reduced physiological state. The higher 

overall quality of the cyst transcriptome is most likely attributed to the longer lengths of 

PE sequencing reads, the larger number of input reads, and the upgraded Illumina 

sequencing platform, as well as the more stringent quality analyses of the reads prior to 

the assembly. Overall, a higher quality assembly provides a better baseline to 

investigating genes that are involved in the cyst stage, the stage directly involved in the 

process of transdifferentiation.  
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3.2 Completeness of transcriptomes 

 

Read mapping evaluation of assembly 

 Normalized reads resulting from Trinity’s in silico normalization were mapped 

back to the assembled contigs for each transcriptome to evaluate the completeness of its 

assembly. Two different alignment software based on different algorithms, TopHat v2.1 

and CLC Genomic Workbench v8 read mapper tool, were utilized for the assessment. A 

high mapping percentage indicates that the de novo assembly incorporated the majority of 

sequenced reads and represents high completeness of the transcriptome in terms of its 

input content (Zhao et al., 2011; Ghaffari et al., 2015).  

 The TopHat read mapping evaluation exhibited an overall lower trend in mapping 

percentages than the alignments in CLC Genomic Workbench (Table 6). In both 

assessments, the polyp assembly exhibited more than 10% lower mapping percentages in 

both TopHat and CLC Genomic Workbench assessments (69.5%, 84.2%) than the 

jellyfish (81.2%, 95.1%) and cyst (80.0%, 98.8%). A closer look at the completeness of 

the transcriptome in terms of gene content will provide insight on whether a significant 

amount of genetic information was lost in the polyp stage as a lower percentage of reads 

were incorporated into the assembly. 
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Table 6: Read mapping evaluation of transcriptomes. 

 

BUSCO evaluation of gene content 

 Completeness of the three assembled transcriptomes in terms of gene content was 

assessed using BUSCO v2.0 software (Simão et al., 2015). The software utilizes taxa-

specific datasets consisting of Benchmarking Universal Single-Copy Orthologs 

(BUSCOs) from OrthoDB v9 (Zdobnov et al., 2016; PMID: 27899580) found to be 

present in more than 90% of species in all categories. This approach utilizes the BLAST+ 

v2.2.28 program and HMMER v3.1b2 hidden Markov models to screen for sets of genes 

that represent the completeness of a transcriptome while accounting for rare gene 

duplications and/or loss events that often occur when species diverge. A large portion of 

BUSCOs missing from an assembly is an indication poor coverage in capturing the entire 

gene expression profile of the sequenced specimen. BUSCOs will be evaluated as 

complete, fragmented, or missing. Complete BUSCOs have match scores and length 

alignments within the expected range, while fragmented BUSCOs have match scores 

within the expected range but do not meet the expected range of length alignments and 

are considered to be incomplete transcripts. Missing BUSCOs have no significant 

matches or match score is below the threshold to be considered fragmented.  

 Two assessments, one with the Eukaryota database and other with the Metazoa 

database, were conducted on BUSCO v2.0 on each stage-specific assembly. Two 

Polyp Jellyfish Cyst Polyp Jellyfish Cyst
Input Reads (normalized) 17,552,220 6,220,660 11,289,162 17,552,220 6,220,660 11,289,162
Mapped Reads 12,205,483 5,050,091 9,029,379 14,770,198 5,915,526 11,168,291
Read Mapping % 69.5% 81.2% 80.0% 84.2% 95.1% 98.9%

TopHat CLC Genomic Workbench
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different databases of differing phylogenetic distances were utilized to comparatively 

confirm the results of the assessments. All assemblies in both assessments exhibited a 

high coverage and completeness of the transcriptome, as all percentages of complete 

BUSCOs were above 90% (Table 7). Both assessments showed similar trends in which 

the polyp stage had the highest percentage of complete BUSCOs (97.0%, 95.4%), the 

jellyfish had the 2nd highest (95.7%, 93.0%), and the cyst stage had the lowest percentage 

(95.4%, 91.3%). This implies that despite exhibiting the lowest percentage of reads 

mapped back to the contigs (see section above), no significant amount of genetic 

information was lost in the unmapped reads. It should be noted that the cyst stage may 

not incorporate a higher number of BUSCOs due to its unusual physiological state as well 

as the small sample size used to prepare the sequencing library (N=2). Overall, the 

BUSCO results indicate the assemblies provide a quality foundation to a diverse range of 

downstream analyses such as quantitative gene enrichment, screening for candidate 

genes, and differential gene expression.  

 

 
Table 7: BUSCO evaluation of transcriptomes. 

 

 
 

# % # % # % # % # % # %
Complete BUSCOs 294 97.0% 290 95.7% 289 95.4% 933 95.4% 909 93.0% 893 91.3%
Fragmented BUSCOs 9 3.0% 8 2.6% 9 3.0% 22 2.2% 33 3.4% 35 3.6%
Missing BUSCOs 0 0.0% 5 1.7% 5 1.6% 23 2.4% 36 3.6% 50 5.1%

Polyp Jellyfish Cyst

Metazoa database 
(Toal BUSCOS: 978)

Polyp Jellyfish Cyst

Eukaryota database 
(Total BUSCOS: 303)



 

38 

 

3.3 Functional Annotation and Characterization of Transcriptomes 

 

Assigning functions to transcripts is a fundamental step to better understand and 

investigate genetic networks and activity. Functional annotation using Gene Ontology 

(GO) terms categorizes the data into broader physiological subgroups based on molecular 

function, biological processes or cellular components. The Blast2GO annotation pipeline 

consisting of Blastx, mapping and GO annotation steps were used to assign functional 

terms to the polyp, jellyfish, and cyst assemblies.   

 

Blastx analyses 

For the Blastx step, an e-value cutoff of 1e-3 was utilized. Though not set it stone, 

the e-value cutoff of 1e-3 is considered a standard for an acceptable but liberal threshold 

(Wit et al., 2012). This threshold was chosen at the annotation stage because such stage is 

considered more exploratory, as opposed to a stricter comparison to only closely related 

taxa (e.g. Hydrozoans, Cnidarians). In future projects, it will be valuable to perform the 

Blastx search using more stringent e-value cutoffs (such as 1e-6 or 1e-9) to determine 

whether our resulting annotation content changes in any significant way as different e-

value cutoffs are imposed.  

45,516 out of 92,659 contigs in the fertile polyp assembly, 34,171 out of 74,639 

contigs in the jellyfish assembly, and 38,565 out of 86,373 contigs showed significant 

similarity (e-value ≤ 1e-3) to proteins in the GenBank Non-Redundant (NR) database 
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(Table 8). A maximum of top 20 blast hits were saved for each contig, and each contig 

was assigned names based on the top-blast hit.  

 

 
Table 8: Summary of transcriptome annotation. 

 

Investigation of ecological contamination  

For all stages, the majority of sequences had top hits that matched Hydra vulgaris 

sequences (Figure 5 for the polyp, Figure 6B for the jellyfish, and Figure 6C for the cyst). 

This was expected as Hydra is the most prominently researched hydrozoan that has a 

sequenced genome. However, the 2nd highest top-hit species in the polyp assembly (but 

not of the jellyfish and the cyst) was the foraminifera Reticulomyxa filosa (Protista) with 

4,585 top-hits (Figure 5 for the polyp, Figure 6B for the jellyfish, and Figure 6C for the 

cyst).  

  

Fertile Polyps Jellyfish Cyst
Total # contigs 92,659 74,639 86,373

Successful contigs after Blast 45,904 34,171 38,565
Sucessful contigs after Mapping 38,686 27,443 29,634

Successful contigs after B2G Annotation 31,719 21,898 25,440
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Figure 5: Pre-filter top-hit species distribution of the polyp transcriptome. 
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Figure 6: Top-hit species distribution of transcriptomes. A) Polyps, B) Jellyfish, C) Cyst stage 
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Figure 6: Continued.  
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Figure 6: Continued.
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This could be due to contamination of foraminiferan RNA within the polyp 

transcriptome. It has been reported that protists are epibiontic (living associated with 

organisms of various taxa) on many hydrozoan colonies (Bavestrello et al., 2008). 

Jellyfish on the contrary do not host epibionts because they are solitary and planktonic, 

and the cyst stage was obtained under laboratory conditions and contamination is 

unlikely. When further investigated, the polyp transcriptome had 5,540 sequences with at 

least one hit against R. filosa. Among the 5,540 sequences (82.76%) resulted as top hits. 

As a comparison, the jellyfish stage only had 65 sequences with at least one hit against R. 

filosa, and the cyst stage had 98 sequences. Among the R. filosa hits in the jellyfish and 

cyst transcriptomes, a majority of the sequences had matched with higher similarity with 

cnidarian species than R. filosa, reaffirming that the fertile polyp transcriptome most 

likely had ecological contamination within its assembly. In order to address this 

ecological contaminant issue, the hydrozoan contigs were filtered from the set of 5440 

contigs that had at least one top-hit with R. filosa by re-blasting the sequences against the 

metazoan database from NCBI. 3769 sequences out the 5540 sequences had hits against 

the metazoan database indicating a small portion of most likely contaminate sequences 

within the overall transcriptome (1.91% of total contigs, 3.86% of total contigs with blast 

hits), and these blast results were replaced the former result. Post-filtering, the polyp 

transcriptome had 45,904 out of 92,659 total contigs showed significant similarity (e-

value ≤ 1e-3) to proteins in the GenBank Non-Redundant (NR) database (Table 8). All 

statistics and graphs were generated using the updated polyp transcriptome. 
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Blastx output and visualization 

The e-value distribution graph of all stages (Figure 7A-C) portray that a very 

large portion of the blast hits correlate to matches that were below the e-value of ≤ 1e-180, 

indicating a very high similarity of matches against the NR database. Shorter contigs are 

less likely to have matches against the NR database. This is due to the nature of the blast 

search, where significant sequence similarity is highly dependent on the length of the 

query sequence. This indeed is seen in both of our transcriptomes as 36,133 of the 46,755 

(77.28%) sequences that had no hits were 500 bps or less in the fertile polyp assembly, 

29,903 out of 40,469 (73.89%) sequences in the jellyfish, and 29,753 out of 47,808 

(62.23%) sequences in the cyst. Longer contigs without blast hits may be novel genes that 

may have no record in the NR database. 281 contigs with no blast hits were greater than 

or equal to 2000 bp for the polyp, 345 contigs for the jellyfish, and 1,030 contigs for the 

cyst stage. The cyst stage had a surprisingly large number of long contigs that had no 

blast hits as compared to the other two stages. This may partly be due to its unique and 

unusual physiological state and expression of genes that are specific to the cyst. A 

follow-up downstream differential gene expression (DGE) analysis of the cyst stage will 

help determine whether these genes have significant roles in transdifferentiation.  



 

46 

 

 
Figure 7: E-value distribution of transcriptomes. (A) Polyp, B) Jellyfish and C) Cyst stage 
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As expected, the majority of the sequences with top-blast hits belonged to the top 

four cnidarian species in all stages (Figure 6A-C). Hydra vulgaris had the highest number 

top-blast hits for all assemblies with 19,922 hits in the polyp, 19,435 from the jellyfish, 

and 18,895 from the cyst assembly. As previously stated, having the highest similarity 

with H. vulgaris is expected as it is the main traditional model hydrozoan system with a 

sequenced genome. The H. vulgaris top-hits accounted for a significant portion in all 

assemblies, 43.40% of all sequences with blast hits in the polyps, 56.87% in the jellyfish, 

and 49.00% in the cyst. The 2nd – 4th top-hit species for all stages were all of class 

Anthozoa and totaled 5,905 top-hits in the polyp, 5,527 in the jellyfish, and 5,190 in the 

cyst transcriptome. In total, the top four cnidarian species with the most top-hits 

accounted for 56.26% in the polyp, 73.05% in the jellyfish, and 62.45% in the cyst 

assembly. The consistency of the order and composition of highest top-hit species across 

the stages and similarity to closely related taxa belonging to the same phylum indicates 

high quality assemblies.  

Finally, 3,300 sequences (6,358 hits) matched with human transcripts were found 

in the polyp assembly, 2,137 sequences (4,296 hits) in the jellyfish, and 2,277 sequences 

(4,632 hits) in the cyst (Figure 8A-C). Matched with the house mouse (Mus musculus), 

the polyp had 2,686 sequences (5,121 hits), jellyfish had 1,882 matches (3,727 hits), and 

the cyst had 1,786 matches (3,442 hits) (Figure 8A-C). This implies the conservational 

nature of genome evolution as a portion the contigs that have alignments that showed 

significant similarity with mammalian sequences.  
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Figure 8: Hit species distribution of transcriptomes. A) Polyp, B) Jellyfish and C) Cyst stage
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Figure 8: Continued.  
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Figure 8: Continued.  
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Mapping 

 Mapping is the process where GO terms associated with the top-blast hits are 

retrieved for each contig. The Blast2GO program performs the mapping process against 

three databases: gene product table of the GO database, Non-redundant Reference Protein 

database (Uniprot, Swiss-prot, TrEMBL, etc.), and Database Cross Reference (DBXRef) 

Table of the GO database. 38,686 out of 45,904 contigs with blast hits were successfully 

mapped in polyp, 24,443 out of 34,171 contigs in the jellyfish, and 29,634 out of 38,565 

contigs in the cyst assembly (Table 8).  

GO ontology assignment 

 The final step consists of assigning functional annotations to the mapped 

sequences based on their Gene Ontology (GO) terms. GO terms distinguish and assign 

transcripts to one of three categories: biological process, molecular function and cellular 

component. InterProScan was additionally used to conduct domain-based searches 

against the BlastProDom, FPrintScan, HMMPIR, HMMPfam, HMMSmart, HMMTigr, 

ProfileScan, HAMAP, SuperFamily, HMMPanther and Gene3D databases to assign new 

GO terms and confirm existing annotations. In total, the polyp transcriptome resulted 

with 31,719 annotations, jellyfish with 21,898 annotations, and the cyst stage with 25,440 

annotations (Table 8). 

Enzymatic pathway analyses 

 Contigs with enzyme commission (EC) codes were mapped to pathways found in 

the Kyoto Encyclopedia of Genes and Genomes (KEGG) via the Blast2GO software 

(Kanehisa et al., 2015). In the polyp transcriptome, 13,539 sequences mapped to 1,221 
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enzymes within 131 different pathways. In the jellyfish transcriptome, 7,581 sequences 

mapped to 1075 enzymes within 130 different pathways. Lastly, 10,219 sequences 

mapped to 1,240 enzymes within 130 different pathways in the cyst transcriptome. The 

top 50 pathways with the most sequences in all three stages were compiled and can be 

found in APPENDIX A.  

 Though the ranking order based on number of sequences differed, the total 

number of mapped enzyme pathways was similar among the stages, with the majority of 

mapped pathways found consistently throughout all of the stages. Among all stages, the 

pathway with the highest number of sequences was the purine metabolism pathway, and 

the pathway with the highest number of enzymes was the biosynthesis of antibiotics 

pathway. Downstream differential gene expression analyses will be interesting to 

determine whether any of the enzymes reported in these pathways are substantially over- 

or under-expressed in the cyst as compared to the polyp and jellyfish despite exhibiting 

similar pathways.  
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3.4 Functional enrichment analyses 

 

Categorizing the data based on broader GO terms creates the opportunity to 

further understand the specific physiological components found in Turritopsis dohrnii 

and assess the functional differences between the different stages. Blast2GO Pro 

incorporates the FatiGO (Al-Shahrour et al., 2004) tool for enrichment analyses to 

statistically assess the functional annotation differences between two datasets. FatiGO 

utilizes the Fischer’s Exact Test, commonly used in genomics to compare two RNA-seq 

datasets that have been constructed with no biological replication, often seen in de novo 

transcriptome assemblies. The output is based on the three GO categories, biological 

processes, molecular function and cellular components, and reports the over- or under-

expression of subgroups, providing an extremely useful tool to understand the differences 

in gene pathways and networks between the polyp, jellyfish and cyst stage of T. dohrnii. 

The biological processes domain includes recognized series of molecular events and 

networks pertinent to the functionality of the cell, organs or organism as a whole. The 

molecular function domain comprises of the specific function of a gene, such as enzyme 

catalysis and molecular binding. Lastly, the cellular component consists of subcellular 

and macromolecular structures in which the gene products are located.   

A False Discovery Rate (FDR) adjusted p-value, also known as a q-value, of 0.01 

was utilized in the gene enrichment analysis. The q-value is a corrected p-value that 

accounts for and addresses multiple testing by controlling the number of false discoveries 

within the significant results. Thus, a q-value of 0.01 implies that 1% of significant tests, 
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rather than all tests, will result in false positives. Since our results from this enrichment 

analysis will further be used downstream as a foundation to further investigate networks 

and genes that are associated with T. dohrnii’s transdifferentiation, a stringent q-value of 

0.01 was used for the enrichment analyses to ensure most results are truly significant.  

The following analyses were conducted with the cyst as the central stage in our 

comparison as the stage directly involved in the process of transdifferentiation: 1) Cyst 

vs. Polyp; 2) Cyst vs. Jellyfish; and 3) Cyst vs. Polyp/Jellyfish combined. Due to the 

large number of categories reported as significant, an overall summary of the number of 

gene enrichment categories that were over- or under- expressed in each of the 

comparative tests can be found in Table 9. 

 

 
Table 9: Number of gene enrichment categories over-or under-expressed. FDR adjusted p-value (q-value) 

of 0.01 was utilized in all comparative analyses.  
 
 

 Overall, a vastly larger proportion of under-expressed gene categories were found 

with the highest proportion in the comparison between the cyst and the polyp among all 

categories (Table 9). The suppression of a large number of genetic pathways is likely due 

Cyst vs. Polyp Cyst vs. Jellyfish Cyst vs. Both
Over 44 (3.27%) 147 (64.19%) 66 (8.99%)
Under 1302 (96.73%) 82 (35.81%) 734 (91.01%)
Total 1346 229 780
Over 17 (7.00%) 38 (39.18%) 32 (16.16%)
Under 243 (93.00%) 59 (60.82%) 166 (83.84%)
Total 260 97 198
Over 12 (4.71%) 36 (49.31%) 19 (10.92%)
Under 243 (95.29%) 37 (50.69%) 155 (89.08%)
Total 255 73 174

Biological processes

Molecular function

Cellular component
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to the uncharacteristic state of the cyst stage in which morphological structures are 

reduced. However, the cyst exhibited more over-expressed functional categories in 

biological processes than suppressed categories as compared to the jellyfish, while the 

polyp stage reported a substantially large number of under-expressed categories. The 

biological processes domain is of highest interest to our investigation as it will shed light 

on the processes of the transcriptional products that is elevated or suppressed in the cyst, 

and thus, further analyzed. Due to the larger number of total annotated sequences in the 

polyp transcriptome, the Cyst vs. Both analyses will show a slight bias towards the polyp 

stage in the reference dataset. This test however, will help uncover the over- and under-

expression of gene categories that are highly specific to the cyst.  

 

Biological processes 

Over-expression in the cyst 

 The top 10 over-expressed gene enrichment categories for each analysis are 

cumulatively reported in Table 10. In the cyst vs. polyp comparison, most of the highest 

expressed categories are directly involved in DNA synthesis and metabolic processes. 

The comparison with the jellyfish indicates that there are a heightened number of gene 

products that are associated with the synthesis of cellular compounds and metabolic 

processes, particularly related to nitrogen. In addition, the ‘Nucleobase-containing 

compound metabolic process (GO:006139)’ category was heightened in the cyst in 

comparison to the jellyfish, indicating heightened pathways involved in the maintenance 

of genetic material.  
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Table 10: Top 10 over-expressed enrichment categories in biological processes.  

 

Telomere maintenance and organization 

 Telomeres are composed of repetitive sequences at the end of chromosomes that 

protects the genetic material from deterioration or fusion with adjacent chromosomes. 

Telomeres are shortened each time the cell undergoes DNA replication, and this loss of 

genetic material is attributed to cellular senescence and the aging phenotype. In immortal 

cell lineages, such as germ cells and cancerous cells, telomeres length is replenished and 

maintained by the telomerase enzyme.  

Exp. Analysis GO ID GO Name q-value p-value #GO Test #GO Ref
GO:0006259 DNA metabolic process 4.92e^-39 1.35e^-41 2643 1904
GO:0006278 RNA-dependent DNA biosynthetic process 9.88e^-31 4.74e^-33 704 355
GO:0090304 Nucleic acid metabolic process 1.56e^-23 1.32e^-25 6004 5324
GO:0071897 DNA biosynthetic process 7.87e^-21 8.58e^-23 821 511
GO:0015074 DNA integration 5.73e^-17 8.31e^-19 636 390
GO:0000160 Phosphorelay signal transduction system 1.14e^-08 3.74e^-10 43 4
GO:0006139 Nucleobase-containing compound metabolic process 1.62e^-07 6.38e^-09 7059 6890
GO:0090305 Nucleic acid phosphodiester bond hydrolysis 7.56e^-07 3.22e^-08 495 363
GO:0006725 Cellular aromatic compound metabolic process 9.51e^-07 4.13e^-08 7395 7273
GO:0006399 tRNA metabolic process 9.65e^-07 4.21e^-08 399 280
GO:0034641 Cellular nitrogen compound metabolic process 1.57e^-32 1.45e^-36 8466 5973
GO:0006807 Nitrogen compound metabolic process 2.07e^-27 3.81e^-31 9497 6900
GO:1901566 Organonitrogen compound biosynthetic process 1.64e^-23 4.53e^-27 2124 1262
GO:0044237 Cellular metabolic process 1.83e^-23 6.76e^E-27 12530 9454
GO:0009058 Biosynthetic process 1.85e^-23 8.54e^-27 6341 4481
GO:1901576 Organic substance biosynthetic process 2.04e^-23 1.12e^-26 6213 4383
GO:0044249 Cellular biosynthetic process 1.56e^-22 1.00e^-25 6122 4329
GO:0046483 Heterocycle metabolic process 3.59e^-22 2.64e^-25 7420 5366
GO:0006139 Nucleobase-containing compound metabolic process 4.58e^-22 3.79e^-25 7059 5082
GO:1901360 Organic cyclic compound metabolic process 8.41e^-22 8.51e^-25 7585 5508
GO:0006259 DNA metabolic process 1.21e^-34 7.03e^-38 2643 3690
GO:0090304 Nucleic acid metabolic process 7.82e^-28 1.16e^-30 6004 9669
GO:0006278 RNA-dependent DNA biosynthetic process 4.11e^-20 1.32e^-22 704 821
GO:0006139 Nucleobase-containing compound metabolic process 1.42e^-17 5.76e^-20 7059 11972
GO:0015074 DNA integration 3.78e^-17 1.56e^-19 636 754
GO:0046483 Heterocycle metabolic process 1.02e^-16 4.50e^-19 7420 12672
GO:0006725 Cellular aromatic compound metabolic process 1.47e^-16 6.58e^-19 7395 12635
GO:1901360 Organic cyclic compound metabolic process 3.49e^-16 1.64e^-18 7585 13001
GO:0071897 DNA biosynthetic process 8.17e^-16 4.12e^18 821 1059
GO:0000160 Phosphorelay signal transduction system 4.66e^-14 2.67e^-16 43 4

Over

Cyst vs. Polyp

Cyst vs. Jellyfish

Cyst vs. Both
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 The GO term ‘Telomere maintenance (GO:0000723)’ and ‘Telomere organization 

(GO:0032200)’ was over-expressed in the cyst as compared to the polyp and both stages 

combined (Table 11). Telomere maintenance includes processes that are involved with 

the maintenance of telomere length and structure through replication and repair (Gene 

Ontology Consortium, 2015). Telomere organization consists of processes that are 

involved in the assembly and arrangement of telomeres at the cellular level (Gene 

Ontology Consortium, 2015). The cyst had 234 sequences out of 25,440 total annotated 

sequences in the telomere maintenance category, and 236 sequences in the telomere 

organization category. On the other hand, the polyp stage exhibited a considerably less 

154 out of 31,719 total annotated sequences and 160 sequences, respectively. The cyst vs. 

both comparison exhibited similar patterns with a significantly less proportion of 

sequences involved in telomerase maintenance and organization. Though the comparison 

with the jellyfish stage did not report these processes as significant, perhaps due to our 

very stringent q-value of 0.01, the jellyfish contained 156 sequences associated with 

telomere maintenance and 163 sequences with telomere organization. It was noted that 

the polyp and jellyfish stage exhibited a similar number of transcripts associated with 

telomerase maintenance and organization.  

 

 
Table 11: GO enrichment categories involved in telomere maintenance.  

 

Exp. GO ID GO Name Analysis q-value p-value #GO Test #GO Ref
Cyst vs. Polyp 3.50e -̂05 2.04e -̂06 234 154
Cyst vs. Both 4.12e -̂04 1.60e -̂05 234 310
Cyst vs. Polyp 1.06e -̂04 6.86e -̂06 236 160
Cyst vs. Both 1.49e -̂03 6.25e -̂05 236 323

Over
GO:0000723 Telomere maintenance

GO:0032200 Telomere organization
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 T. dohrnii’s ability to undergo reverse development and rejuvenate its life cycle 

may involve a mechanism in which DNA is continuously repaired to enable the organism 

to avoid aging and repeat its lifecycle. Heightened activity of processes that are involved 

in the regulation of telomere length may be a key part of the overall cellular network that 

enables the ability for life cycle reversal. To further look into whether telomere 

maintenance is fundamental to T. dohrnii’s life cycle reversal, quantifying the expression 

of these transcripts found in the both categories will be very insightful.  Quantification of 

expression levels (e.g. differential gene expression analysis) will help interpret the degree 

of expression change in telomere maintenance and organization in terms of both content 

and level of activity.  

Chitinous cyst exterior 

 Perhaps the only characteristic that is prominent in the cyst stage is the presence 

of a hard chitinous sheath exterior that develops after the jellyfish reduces all of its 

morphological features and into uncharacterized tissue (Schmich et al., 2007). This 

external structure, called the perisarc, is composed of chitin, the same cell wall 

component of fungi. Polyps also produce a thin chitinous sheath that protects their soft 

bodies, but jellyfish do not exhibit this character (Piraino et al., 1996).  

 Although a large number of processes involved in differentiation, biogenesis and 

development of bodily structures were significantly suppressed in the cyst, there was an 

upregulation in pathways that associated with the formation of a cell wall in fungi and the 

process of sporulation (Table 12). Consistent to the phenotypic features the three T. 

dohrnii stages, the cyst stage exhibited the most proportion of sequences in chitin-related 
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pathways and the polyp exhibited a few sequences, while the jellyfish exhibited none. In 

addition, a more general category of ‘External encapsulating structure organization 

(GO:0045229) was also found to be upregulated in the cyst in comparison to the jellyfish 

and when the polyp and jellyfish stages were combined. Thus, there is a potential in 

which the transcripts involved in the formation of fungus-type cell walls and sporulation 

processes attribute to the perisarc of the cyst. However, further analyses need to be 

carefully implemented as single celled fungal organism such as yeast can easily be 

contaminants of the polyp and cyst stage accidentally considered in the analysis, 

particularly due to the small number of overall sequences in each category among the 

cyst and polyp stage.  

 

 
Table 12: GO enrichment categories potentially involved in the chitinous cyst exterior. 

 

 

 

Exp. GO ID GO Name Analysis q-value p-value #GO Test #GO Ref
Cyst vs. Polyp 6.35e -̂03 7.04e -̂04 5
Cyst vs. Jellyfish 1.24e -̂04 1.16e -̂06 0
Cyst vs. Both 2.40e -̂05 1.04e -̂06 5

GO:0071940 Fungal-type cell wall assembly Cyst vs. Both 3.47e -̂03 1.81e -̂04 8 0
Cyst vs. Jellyfish 6.30e -̂04 7.70e -̂06 0
Cyst vs. Both 2.80e -̂03 1.41e -̂04 8

GO:0030435
Sporulation resulting in formation of a cellular 

spore Cyst vs. Jellyfish 1.85e -̂03 2.73e -̂05 17 0
GO:0034293 Sexual sporulation Cyst vs. Jellyfish 5.26e -̂05 9.74e -̂05 15 0

GO:0043935
Sexual sporulation resulting in formation of a 

cellular spore Cyst vs. Jellyfish 8.99e -̂03 1.84e -̂04 14 0
GO: 0030437 Ascopore formation Cyst vs. Jellyfish 8.99e -̂03 1.84e -̂04 14 0
GO:0070591 Ascospore wall biogenesis Cyst vs. Both 8.56e -̂03 5.30e -̂04 7 0
GO:0030476 Ascospore wall assembly Cyst vs. Both 8.56e -̂03 5.30e -̂04 7 0

Cyst vs. Jellyfish 6.74e^-03 1.30e^-04 19 1
Cyst vs. Both 9.76e -̂03 2.77e -̂04 19 10

External encapsulating structure organizationGO:0045229

Over

22

19

Fungal-type cell wall organization or 
biogenesis

GO:0071852

SporulationGO:0043934
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Under-expression in the cyst 

 The top 10 under-expressed gene enrichment categories for each analysis are 

cumulatively reported in Table 13. In the cyst vs. polyp analysis, the prominent processes 

suppressed in the cyst are directly related to the maintenance, specifically the synthesis, 

of proteins. This includes pathways such as ‘Protein metabolic process GO:0019538’, 

‘Translation (GO:0006412)’, ‘Peptide biosynthetic process (GO:0043043)’, and 

‘Ribosome biogenesis (GO:0042254)’. In addition, processes involved in the creation of 

components in cells were highly suppressed, which can be easily justified when 

comparing the highly-specialized phenotypes of the polyp versus the uncharacteristic 

cyst. The cyst in comparison to the jellyfish exhibited a down-regulation in biological 

processes involved in cell signaling and communication, such as ‘G-protein coupled 

receptor signaling pathway (GO:0007186)’, ‘Signal transduction (GO:0007165)’, ‘Single 

organism signaling (GO:0044700)’, and ‘Cell communication (GO:0007154)’. The 

general categories of biological processes necessary for functionality of a multicellular 

organism (in reference to GO:0032501 and GO:0044707) were also downregulated along 

with cell division (in reference to GO:0098763). Overall, the top-10 under-expressed 

gene categories among the three comparative analyses indicate that cellular 

communication, characterization and growth seem to be suppressed in the cyst stages in 

comparison to the polyp and jellyfish. 
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Table 13: Top 10 under-expressed enrichment categories in biological processes.  

 
 

Lifespan and aging 

 Physical deterioration and the decline in cellular functionality and regenerative 

potential are characteristics associated with the process of aging. Post-reproductive T. 

dohrnii jellyfish have the ability reverse its ontogenetic sequence to avoid the ultimate 

consequence of aging, death. To avoid the detrimental effects of replicative senescence, it 

is hypothesized that T. dohrnii has developed mechanisms that prevent the loss of cellular 

functionality and regenerative potential is halted.  

Exp. Analysis GO ID GO Name q-value p-value #GO Test #GO Ref
GO:0019538 Protein metabolic process 5.07e -̂126 4.35e -̂130 5699 9022
GO:0008152 Metabolic process 2.04e -̂122 4.13e -̂126 14989 20234
GO:0006412 Translation 2.04e -̂122 5.27e -̂126 1352 3048
GO:0043043 Peptide biosynthetic process 1.10e -̂119 3.80e -̂123 1385 3076
GO:0044267 Cellular protein metabolic process 3.07e -̂119 1.32e -̂122 4629 7551
GO:0043604 Amide biosynthetic process 2.41e -̂116 1.24e -̂119 1465 3169
GO:0006518 Peptide metabolic process 1.81e -̂113 1.08e -̂116 1534 3249
GO:0042254 Ribosome biogenesis 4.70e -̂113 3.23e -̂116 982 2397
GO:0044085 Cellular component biogenesis 1.07e -̂109 8.31e -̂113 2367 4411
GO:0043603 Cellular amide metabolic process 1.07e -̂107 9.20e -̂111 1729 3485
GO:0007186 G-protein coupled receptor signaling pathway 6.31e -̂18 9.29e -̂21 439 668
GO:0032501 Multicellular organismal process 6.41e -̂13 1.76e -̂15 2484 2670
GO:0007165 Signal transduction 8.41e -̂12 2.47e -̂14 3116 3248
GO:0023052 Signaling 2.75e -̂11 8.37e -̂14 3293 3403
GO:0044700 Single organism signaling 4.72e -̂11 1.49e -̂13 3285 3389
GO:0007154 Cell communication 4.72e -̂11 1.52e -̂13 3349 3449
GO:0044707 Single-multicellular organism process 1.14e -̂09 4.12e -̂12 2269 2396
GO:0030001 Metal ion transport 1.14e -̂07 4.52e -̂10 456 581
GO:0098763 Mitotic cell cycle phase 2.37e -̂07 1.02e -̂09 2 34
GO:0006813 Potassium ion transport 4.77e -̂07 2.19e -̂09 111 193
GO:0019538 Protein metabolic process 3.35e -̂46 2.77e -̂50 5699 13791
GO:0044699 Single-organism process 2.87e^39 4.74e -̂43 11375 25406
GO:0044267 Cellular protein metabolic process 9.47e -̂38 2.34e -̂41 4629 11226
GO:0051179 Localization 2.19e -̂35 7.26e -̂39 4593 11073
GO:0044085 Cellular component biogenesis 2.73e -̂35 1.13e -̂38 2367 6206
GO:0032501 Multicellular organismal process 9.66e -̂35 4.79e -̂38 2484 6452
GO:0042254 Ribosome biogenesis 8.78e -̂32 6.26e -̂35 982 2943
GO:0051234 Establishment of localization 8.78e -̂32 6.53e -̂35 4156 10012
GO:0006810 Transport 1.92e -̂31 1.59e -̂34 4095 9870
GO:0006412 Translation 1.88e -̂30 1.71e -̂33 1352 3786

Under

Cyst vs. Polyp

Cyst vs. Jellyfish

Cyst vs. Both
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Groups associated the cellular senescence and biological aging of organisms were 

found to be under-expressed in the cyst, particularly in comparison to the polyp stage 

(Table 14). The category ‘Determination of adult lifespan (GO:0008340)’ was under-

expressed in the cyst vs. polyp and cyst vs. both analyses, and is defined as processes that 

control the viability and duration of the adult life cycle phase in organisms (Gene 

Ontology Consortium, 2015), constituting an important aspect of aging. This GO term is 

a part of ‘Multicellular organism aging (GO:0010259)’, and the broader category of 

‘Aging (GO:007568)’, which were also under-expressed in the cyst in comparison to the 

polyp. Though the comparison with the jellyfish did not report as significant, 17 

sequences were found to be associated with process involved in the ‘Determination of 

adult lifespan’ category. Though not nearly as over-expressed as the polyp with 77 

sequences, the number is considerably higher than the 7 sequences found in the cyst 

associated with this category.  

 

Table 14: GO enrichment categories associated with lifespan and aging.  

 

Biological processes associated with telomere length maintenance are over-

expressed in the cyst (Table 11), fundamental processes that diminish replicative 

senescence and in turn, and potentially may have suppressed pathways involved in 

Exp. GO ID GO Name Analysis q-value p-value #GO Test #GO Ref
Cyst vs. Polyp 2.46e -̂13 4.81e -̂15 7 77
Cyst vs. Both 1.27e -̂08 1.44e -̂10 7 94

GO:0010259 Multicellular organism aging Cyst vs. Polyp 4.60e -̂15 7.50e -̂17 7 84
GO:007568 Aging Cyst vs. Polyp 7.90e -̂07 3.39e -̂08 70 161

GO:0008340 Determination of adult lifespan
Under
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cellular senescence and aging. A more detailed investigation of gene content and 

expression quantification, in which the reversion process is divided into more numerous 

and specific stages, will shed further insight on how these processes involved in the 

lifespan determination and aging change throughout its ontogeny reversal.  

Cell division 

 Mitotic or asexual cell division is a fundamental process that occurs during 

cellular proliferation events and overall organismal growth and development. Enrichment 

categories associated with mitotic cell division were under-expressed in the cyst stage as 

compared to both the polyp and jellyfish (Table 15). Table 15 is not an exhaustive list 

due to the large number of highly specific categories related to mitotic cell division 

reported to be under-expressed in the cyst across the three analyses. Although more 

numerous and specific categories were reported to be suppressed when the cyst was 

compared to the polyp, ‘Mitotic cell cycle phase’ (GO:0098763) was 9th most under-

expressed enrichment category when compared to the jellyfish (Table 13).   
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Table 15: GO enrichment categories associated with mitotic cell division. 

 

Prior to cell division, the cell undergoes growth and DNA replication. Although 

processes involved in DNA biosynthesis and maintenance are highly over-expressed in 

the cyst stage as compared to the polyp and jellyfish stage (Table 10), mitotic cell 

division processes are highly under-expressed (Table 15). In addition, there is a 

heightened number of sequences involved in the process of DNA repair in the cyst in 

comparison to the other stages (Table 16). These results potentially indicate that the cells 

in the cyst are synthesizing and maintaining DNA, but cell division, proliferation and 

growth are inhibited. 

 

 
Table 16: GO enrichment categories associated with DNA repair. 

 

Exp. GO ID GO Name Analysis q-value p-value #GO Test #GO Ref
Cyst vs. Polyp 3.01e -̂11 7.19e -̂13 2 52
Cyst vs. Jellyfish 2.37e -̂07 1.03e -̂09 2 34
Cyst vs. Both 3.68e -̂11 2.80e -̂13 2 86
Cyst vs. Polyp 4.17e -̂10 1.14e -̂11 1 43
Cyst vs. Jellyfish 9.75e -̂06 6.46e -̂08 1 25
Cyst vs. Both 1.65e -̂09 1.50e -̂11 1 68
Cyst vs. Polyp 1.82e -̂09 5.42e -̂11 0 36
Cyst vs. Jellyfish 1.06e -̂04 9.76e -̂07 0 18
Cyst vs. Both 1.95e -̂08 2.32e -̂10 0 54
Cyst vs. Jellyfish 6.92e -̂03 1.36e -̂06 1 15
Cyst vs. Both 3.69e -̂03 1.94e -̂04 1 27
Cyst vs. Polyp 1.28e -̂07 5.02e -̂09 200 357
Cyst vs. Both 3.19e -̂04 1.49e -̂05 200 550
Cyst vs. Polyp 5.88e -̂06 2.98e -̂07 49 121
Cyst vs. Both 1.61e -̂04 7.39e -̂05 49 176
Cyst vs. Polyp 7.98e -̂05 5.07e -̂06 44 105
Cyst vs. Both 9.80e -̂03 6.30e -̂04 44 151

GO:0000080 Mitotic G1 phase Cyst vs. Both 7.65e -̂03 4.61e -̂04 0 20

Mitotic anaphase

Mitotic interphase

GO:0000087

Mitotic nuclear division

Mitotic spindle organization

Regulation of G1/S transition of the mitotic 
cell cycle

Under

GO:0007067

GO:0007052

GO:2000045

Mitotic cell cycle phaseGO:0098763

Mitotic M phase

GO:0000090

GO:0051329

Exp. GO ID GO Name Analysis q-value p-value #GO Test #GO Ref
Cyst vs. Polyp 2.76e -̂03 2.62e -̂04 831 742
Cyst vs. Jellyfish 2.27e -̂03 3.45e -̂05 831 574
Cyst vs. Both 1.74e -̂04 5.88e -̂06 831 1316

DNA repairGO:0006281Over
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Response to stimuli 

 The majority of processes associated with the response to external and internal 

stimuli were a prominently reported to be under-expressed in the cyst stage as compared 

to both the polyp and jellyfish. Due to the large number of categories under-expressed 

categories, the results were condensed to categories representing the least specific under-

represented categories along with the small number of over-expressed processes 

associated with response to stimuli (Table 17). ‘Cellular response to stress 

(GO:0033554)’ was the only over-expressed process on the cyst in comparison to the 

jellyfish is likely attributed to the nature of the cyst, a stage induced when jellyfish are 

damaged or weakened and is an exaggerated response to physiological stress. ‘Cellular 

response to DNA damage stimulus (GO:0006974)’ is over-expressed in the cyst in 

comparison to the combination of the polyp and jellyfish, consistent with the over-

expression of processes involved in DNA repair (Table 16).  

 

 
Table 17: Go enrichment categories associated with response to stimuli. 

 

 Processes in ‘Response to stimulus (GO:0050896)’ were found to be under-

represented in the cyst as compared to the other stages (Table 17). The GO term is 

Exp. GO ID GO Name Analysis q-value p-value #GO Test #GO Ref
Over GO:0033554 Cellular response to stress Cyst vs. Jellyfish 9.64 -̂03 2.00e -̂04 1434 1067
Over GO:0006974 Cellular response to DNA damage stimulus Cyst vs. Both 8.60e -̂03 5.36e -̂04 999 1684

Cyst vs. Polyp 4.47e -̂47 8.05e -̂50 5005 6992
Cyst vs. Jellyfish 2.34e -̂04 2.42e -̂06 5005 4745
Cyst vs. Both 1.95e -̂29 2.25e -̂32 5005 11737
Cyst vs. Polyp 8.71e -̂24 7.10e -̂26 315 676
Cyst vs. Both 7.05e -̂13 4.55e -̂15 315 994
Cyst vs. Polyp 1.12e -̂15 1.75e -̂17 167 383
Cyst vs. Both 4.91e^10 4.30e -̂12 167 578

Response to stimulus GO:0050896

GO:0009628
Under

GO:0009607 Response to biotic stimulus

Response to abiotic stimulus
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broadly defined as processes triggered by a stimulus that result in the change in state or 

activity within a cell/organism (Gene Ontology Consortium, 2015). The inhibition of 

response pathways can be physiologically justified by the inactive state of the cyst, in 

which bodily structures that can detect and respond to stimuli is presumably absent. A 

large number of more specific categories in part of the broad ‘Response to stimuli’ 

category, such as the ‘Response to abiotic stimulus (GO:0009628)’ and ‘Response to 

biotic stimulus (GO:0009607), were particularly reported to be under-expressed in the 

cyst in comparison to the polyp stage. 145 GO enrichment categories including the key 

word ‘response’ were reported against the polyp, while 4 were reported against the 

jellyfish (data not shown).  

Cellular differentiation and development 

 A large number of that involved cell differentiation and organization were 

consistently down-regulated in the cyst as compared to the polyp and jellyfish (Table 18, 

list not exhaustive). In addition, 54 processes with the term ‘development’ were reported 

to be consistently under-expressed in the cyst in comparison to the polyp, 6 compared to 

the jellyfish, and 29 compared to the polyp and jellyfish combined (data not shown). A 

few of the broader categories associated with development reported to be under-

expressed can be found in Table 19. These results are expected due to the uncharacterized 

and seemingly inactive physiological state of the cyst stage. A quantification of the gene 

activity (e.g. differential gene expression) involved in processes associated with cell 

differentiation and development will provide more insight on how much the transcripts 

assigned to each GO category are expressed and play a role in the physiology of the cyst.      
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Table 18: GO enrichment categories associated with cell differentiation/organization. 

 

 
Table 19: GO enrichment categories associated with development. 

  

Exp. GO ID GO Name Analysis q-value p-value #GO Test #GO Ref
Cyst vs. Polyp 1.46e -̂18 1.97e^20 1177 1778
Cyst vs. Jellyfish 9.98e -̂03 1.98e -̂04 1177 1185
Cyst vs. Both 9.73e -̂13 6.35e -̂15 1177 2963
Cyst vs. Polyp 5.91e -̂05 3.61e -̂06 346 511
Cyst vs. Both 8.11e -̂05 2.43e -̂06 346 898
Cyst vs. Polyp 4.86e -̂03 4.94e -̂04 193 286
Cyst vs. Both 9.75e -̂03 6.25e -̂04 193 498
Cyst vs. Polyp 2.13e -̂63 3.11e -̂66 4593 6757
Cyst vs. Jellyfish 3.07e -̂03 5.01e -̂05 4593 4316
Cyst vs. Both 2.20e -̂35 7.26e -̂39 4593 11073
Cyst vs. Polyp 3.35e -̂06 1.63e -̂07 1 28
Cyst vs. Both 9.89e -̂04 4.28e -̂05 1 31
Cyst vs. Polyp 4.96e -̂03 5.06e -̂04 50 98
Cyst vs. Both 6.02e -̂03 3.49e -̂04 50 170
Cyst vs. Polyp 4.14e -̂06 2.05e -̂07 514 741
Cyst vs. Jellyfish 2.24e -̂05 1.63e -̂07 514 607
Cyst vs. Both 1.70e -̂07 2.33e -̂09 514 1348
Cyst vs. Polyp 4.45e -̂23 2.33e -̂25 3662 4895
Cyst vs. Both 1.89e -̂09 1.78e -̂11 3662 8078
Cyst vs. Polyp 1.10e -̂04 6.52e -̂06 80 158
Cyst vs. Both 8.03e -̂03 4.88e -̂04 80 241
Cyst vs. Polyp 9.45e -̂06 4.98e -̂07 52 124
Cyst vs. Both 8.47e -̂03 5.20e -̂04 52 172

GO:0009798 Axis specification Cyst vs Polyp 8.32e -̂03 9.31d -̂04 32 69
GO:0007389 Pattern specification process Cyst vs. Jellyfish 3.75e -̂03 6.42e -̂05 230 283

Under

Regulation of cell differentiationGO:0045595

Cell morphogenesis involved in differentation GO:0000904

Non-canonical Wnt signaling pathwayGO:0035567

GO:0030030

Cell fate commitment

GO:0001709

GO:0045165

Cell differentiationGO:0030154

Homeostasis of number of cellsGO:0048872

LocalizationGO:0051179

Cell fate determination

Cellular component organizationGO: 0016043

Cell projection organization

Exp. GO ID GO Name Analysis q-value p-value #GO Test #GO Ref
Cyst vs. Polyp 4.61e -̂37 1.35e -̂39 2429 3647
Cyst vs. Jellyfish 2.29e -̂06 1.24e -̂08 2429 2465
Cyst vs. Both 9.08e -̂27 1.65e -̂29 2429 6112
Cyst vs. Polyp 4.66e -̂35 1.60e -̂37 2242 3380
Cyst vs. Jellyfish 2.55e -̂06 1.43e -̂08 2242 2288
Cyst vs. Both 1.22e -̂25 2.72e -̂28 2242 5668
Cyst vs. Polyp 9.81e -̂19 1.30e -̂20 1698 2433
Cyst vs. Jellyfish 6.89e -̂06 4.23e -̂08 1698 1765
Cyst vs. Both 6.16e -̂16 2.95e -̂18 1698 4198
Cyst vs. Polyp 4.77e -̂18 6.63e -̂20 1175 1768
Cyst vs. Jellyfish 3.43e -̂03 5.68e -̂05 1175 1768
Cyst vs. Both 5.95e -̂13 3.74e -̂15 1175 1197
Cyst vs. Polyp 1.15e -̂08 3.77e -̂10 666 976
Cyst vs. Both 1.49e -̂05 3.43e -̂07 666 1625
Cyst vs. Polyp 7.73e -̂07 3.31e -̂08 652 926
Cyst vs. Both 5.91e -̂05 1.67e -̂06 652 1573
Cyst vs. Polyp 1.04e -̂12 2.19e -̂14 557 897
Cyst vs. Both 2.24e -̂09 2.34e -̂11 557 1492

Under

GO:0048468 Cell development

Tissue developmentGO:0009888

Regulation of developmental processGO:0050793

Animal organ development

GO:0048731

Developmental processGO:0032502

Anatomical structure developmentGO:0032502

System development

GO:0048513
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3.5 Candidate genes of interest 

 

The assembled transcriptomes were screened for the presence or absence of 

candidate genes associated with transdifferentiation, induction of pluripotency, and 

aging/longevity. The functions and significance of the candidate genes of interest are 

compiled in APPENDIX B. tBlastx was used to screen for potential orthologs of the 

candidate genes of interest within each of the polyp, jellyfish and cyst transcriptomes. 

tBlastx compares the six-frame translations of a nucleotide query sequence against the 

six-frame translations of a nucleotide sequence database, and its main purpose is to find 

distant relationships between the compared sequences. An e-value of ≤ 1e-8 was utilized 

for the screening.  

The lowest e-value, highest bit-score, and highest aligning variant, if applicable, 

were recorded for all candidate genes with matches. If no variant type was listed for a 

particular gene, outputs were the same for all variants or the gene encompasses only one 

variant. Although a low e-value is a key indicator of a significant alignment, the 

parameter is dependent on the number of sequences in the reference database. On the 

other hand, the highest bit score represents the best alignment and is not dependent on the 

database size, providing a constant statistical measure of alignment.  

 

Induction of Pluripotency 

 The induction of a pluripotent state is a fundamental step in the process of cellular 

transdifferentiation, permitting the reprogramming of a specialized cell into a new cell 
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type. Candidate genes associated with the induction of pluripotency were screened in the 

T. dohrnii transcriptomes. The candidate gene’s GenBank ID, full gene name, species, 

and number of variants are listed in Table 20. This list is centered on genes reported to 

associate with the induction of iPSC and/or play a critical role in maintaining the self-

renewing, pluripotent state of embryonic stem (ES) cells.  

 

 
Table 20: Candidate genes for the induction of pluripotency. 

 

 

 

# Gene ID mRNA Symbol Gene Name Species  Variants
1 5460 Oct3/4 (POU5F1) POU class 5 homeobox 1 Homo sapiens 5
2 6657 Sox-2 SRY-box 2 Homo sapiens 1
3 4609 c-Myc v-myc avian myelocytomatosis viral oncogene homolog Homo sapiens 1
4 9314 Klf4 Kruppel like factor 4 Homo sapiens 2
5 79923 Nanog Nanog homeobox Homo sapiens 2
6 79727 Lin28 lin-28 homolog A Homo sapiens 1
7 154288 Ecat1 (KHFC3L) KH domain containing 3 like, subcortical maternal complex memberHomo sapiens 1
8 340168 Dppa5 developmental pluripotency associated 5 Homo sapiens 1
9 201456 Fbxo15 F-box protein 15 Homo sapiens 2

10 3266 ERas ES cell expressed Ras Homo sapiens 1
11 29947 Dnmt3l DNA methyltransferase 3 like Homo sapiens 2
12 91646 Ecat8 (TDRD12) tudor domain containing 12 Homo sapiens 1
13 9573 Gdf3 growth differentiation factor 3 Homo sapiens 1
14 6665 Sox15 SRY-box 15 Homo sapiens 1
15 55211 Dppa4 developmental pluripotency associated 4 Homo sapiens 1
16 151871 Dppa2  developmental pluripotency associated 2 Homo sapiens 1
17 83457 Fthl17 ferritin, heavy polypeptide-like 17, member E Mus musculus 1
18 57167 Sall4 spalt like transcription factor 4 Homo sapiens 2
19 132625 Rex1 (Zfp42) ZFP42 zinc finger protein Homo sapiens 2
20 8433 Utf1 undifferentiated embryonic cell transcription factor 1 Homo sapiens 1
21 21432 Tcl1 T cell lymphoma breakpoint 1 Mus musculus 4
22 359787 Dppa3 (Stella) developmental pluripotency associated 3 Homo sapiens 1
23 1499 β-catenin catenin beta 1 Homo sapiens 4
24 6774 Stat3 signal transducer and activator of transcription 3 Homo sapiens 3
25 2885 Grb2 growth factor receptor bound protein 2 Homo sapiens 2
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Yamanaka factors: Oct4, Sox2, c-Myc and Klf4 

All human variants of the Yamanaka factors (Oct4, Sox2, c-Myc, Klf4) were 

downloaded from NCBI and used in the screening. Details regarding the functions of 

each gene can be found in the introduction (Table 1 or APPENDIX B). All four 

transcription factors had significant matches against all three stages, indicating sequences 

with significant similarity in its amino acid sequence to the queried transcripts (Table 21). 

This is surprising because it differs from what was reported for the Hydra genome 

(Chapman et al., 2010). In Hydra, 4 Myc homologues and the Sox B group, which 

includes Sox2, were present, while Oct4 and Klf4 were absent (Chapman et al., 2010). 

This led to the conclusion that the genetic network of stem cells in hydrozoans has an 

independent evolutionary origin compared to mammals, governed by the Yamanaka 

factors (Chapman et al., 2010; Steele et al., 2012). Our results suggest the contrary, in 

which the genetic network of stem cells and pluripotency induction in mammals is shared 

with early metazoans such as Hydrozoa. This has a profound evolutionary implication. It 

can also identify T. dohrnii as a potential laboratory model system to understand the 

expression patterns of the Yamanaka factors in vivo rather than in vitro.  

Downstream analyses to confirm that these matches contain similar domains and 

are true orthologs will be conducted to verify whether these genes truly are present in T. 

dohrnii. In addition, a differential gene expression analysis of the Yamanaka factors 

among the three stages will provide further insight on whether these transcripts play a 

role in T. dohrnii transdifferentiation.  



 

71 

 

 
Table 21: tBlastx screening of Yamanaka factors.  

 

Thompson factors: Oct4, Sox2, Lin28 and Nanog 

 In addition to the Yamanaka factors, Lin28 and Nanog were screened for in all 

three transcriptomes. Both transcription factors have significant hits in all three stages 

(Table 22). Nanog is reported to be absent in the genomes of H. vulgaris (Chapman et al., 

2010), as well as Nematostella vectensis (Steele et al., 2012), another prominent 

hydrozoan model system. Similar to the Yamanaka factor screening, our results imply the 

contrary to current belief that hydrozoans possess an independent origin of gene networks 

that underlie pluripotency, and instead share similar origins of networks. Further analyses 

to confirm our results will be conducted.  

 

#
Genbank 
Accession #

mRNA 
Symbol Species Polyps Jellyfish Cyst

1

NM_002701.5, 
NM_203289.5, 
NM_001173531.2, 
NM_001285986.1, 
NM_001285987.1

Oct4 H. sapiens
e-value: 1.07e^-47
Bit score: 127.99

(Variant 1)

e-value: 3.11e^-32
Bit score: 127.99

(Variant 2/5)

e-value: 4.78e^-39
Bit score: 149.53

(Variant 2/5)

2 NM_003106.3 Sox2 H. sapiens
e-value: 4.85e^-42
Bit score: 171.98

e-value: 9.72e^-43
Bit score: 174.27

e-value: 6.63e^-42
Bit score: 171.98

3 NM_002467.4 c-Myc H. sapiens
e-value: 1.64e^-21
Bit score: 103.71

e-value: 1.61e^-21
Bit score: 103.71

e-value: 2.23e^-21
Bit score: 103.71

4
NM_001314052.1, 
NM_004235.5

Klf4 H. sapiens
e-value: 1.64e^-21
Bit score: 187.10

(Variant 2)

e-value: 1.55e^-46
Bit score: 187.10

(Variant 2)

e-value: 2.15e^-46
Bit score: 187.10

(Variant 2)

e<=1e^-8
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Table 22: tBlastx screening of Thompson factors.  

 

Additional factors tested by the Yamanaka Group 

 In order to isolate the four core transcription factors that induce pluripotency, 24 

transcription factors involved in the maintenance of the ES cell state were initially 

selected by the Yamanka Group for the assay to detect the pluripotency (Takahashi and 

Yamanaka, 2006). The 24 genes include the Yamanaka factors, Nanog, and 19 other 

candidate transcripts. The human orthologs of these candidate genes were used as the 

query for screening. If unavailable, the mouse ortholog was utilized.  

 11 out of 19 transcripts had significant hits in the polyp transcriptome, 12 out of 

19 transcripts in the jellyfish, and 11 out of 19 in the cyst (Table 23). Among the 

screened transcripts, β-catenin stood out to have an e-value of 0 and a very high bit score 

of 823.09 among all stages, highly implying its presence in T. dohrnii. In addition, Rex1 

had a very low e-value and bit score around 250 in all stages, and Grb2 exhibited a low e-

score around 250 in the polyp and jellyfish stage. In future research, it will be interesting 

to further investigate whether these genes are true orthologs and quantify their expression 

among the stages to explore whether they may or may not be involved in T. dohrnii’s 

ability to undergo reverse development.  

#
Genbank 
Accession #

mRNA 
Symbol Species Polyps Jellyfish Cyst

5
NM_024865.3, 
NM_001297698.1

Nanog H. sapiens
e-value: 1.93e^-13

Bit score: 76.67
(Variant 2)

e-value: 1.99e^-18
Bit score: 76.67

(Variant 2)

e-value: 3.20e^-29
Bit score: 122.49

(Variant 2)

6 NM_024674.5 Lin28 H. sapiens
e-value: 6.18e^-15

Bit score: 68.42
e-value: 4.58e^-19
Bit score: 104.62

e-value: 5.15e^-33
Bit score: 105.54

e<=1e^-8
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Table 23: tBlastx screening of additional factors tested by the Yamanaka group.  

 
 

#
Genbank 
Accession #

mRNA 
Symbol Species Polyps Jellyfish Cyst

7 NM_001017361.2 Ecat1 H. sapiens Absent Absent Absent
8 NM_001025290.2 Dppa5 (Esg1) H. sapiens Absent Absent Absent

9
NM_001142958.1, 
NM_152676.2

Fbxo15 H. sapiens
e-value: 4.80e^-15

Bit score: 42.76
(Variant 1)

e-value: 5.72^-19
Bit score: 42.76

e-value: 1.47^-11
Bit score: 35.43

(Variant 1)

10 NM_181532.3 ERas H. sapiens
e-value: 1.74e^-24

Bit score: 87.67
e-value: 4.33e^-24

Bit score: 80.8
e-value: 5.93e^-24

Bit score: 80.8

11
NM_013369.3, 
NM_175867.2

Dnmt3l H. sapiens
e-value: 4.24e^-36
Bit score: 132.12

e-value: 7.03e^-20
Bit score: 97.75

(Variant 2)
Absent

12 NM_001110822.1 Ecat8 H. sapiens Absent Absent Absent

13 NM_020634.2 Gdf3 H. sapiens
e-value: 3.13e^-28

Bit score: 89.96
e-value: 3.11e^-28

Bit score: 89.96
e-value: 4.29e^-28

Bit score: 89.96

14 NM_006942.1 Sox15 H. sapiens
e-value: 1.08.e^-27

Bit score: 123.41
e-value: 1.06e^-27
Bit score: 123.41

e-value: 1.46e^-27
Bit score: 123.41

15 NM_018189.3 Dppa4 H. sapiens Absent
e-value: 7.55e^-18

Bit score: 53.3
e-value: 2.32e^-29
Bit score: 117.91

16 NM_138815.3 Dppa2 H. sapiens Absent Absent Absent

17 NM_031261.2 Fthl17 M. musculus 
e-value: 3.62e^-41

Bit score: 167.4
e-value: 6.68e^-37
Bit score: 153.19

e-value: 2.82e^-30
Bit score: 131.66

18
NM_020436.4, 
NM_001318031.1

Sall4 H. sapiens
e-value: 1.40e^-36

Bit score: 80.34
(Variant 1)

e-value: 3.30e^-39
Bit score: 80.34

(Variant 1)

e-value: 1.05e^-41
Bit score: 125.7

(Variant 1)

19
NM_174900.4, 
NM_001304358.1

Rex1 (Zfp42) H. sapiens
e-value: 1.58e^-65
Bit score: 246.67

(Variant 2)

e-value: 1.55e^-64
Bit score: 246.67

(Variant 2)

e-value: 2.15e^-64
Bit score: 246.67

(Variant 2)
20 NM_003577.2 Utf1 H. sapiens Absent Absent Absent

21

NM_009337.3, 
NM_001289468.1, 
NM_001309485.1, 
NM_001309484.1

Tcl1 M. musculus Absent Absent Absent

22 NM_199286.3 Dppa3 (Stella) H. sapiens Absent Absent Absent

23

NM_001904.3, 
NM_001098209.1, 
NM_001098210.1, 
NM_001330729.1

β-catenin H. sapiens
e-value: 0

Bit score: 823.09
e-value: 0

bit score: 823.09
e-value: 0

bit score: 823.09

24
NM_139276.2, 
NM_003150.3, 
NM_213662.1

Stat3 H. sapiens
e-value: 6.92e^-18

Bit score: 41.39
(Variant 3)

e-value: 6.05e^-24
Bit score: 60.18

(Variant 3)

e-value: 1.84e^-31
Bit score: 104.62

(Variant 2)

25
NM_002086.4, 
NM_203506.2

Grb2 H. sapiens
e-value: 3.12e^-83
Bit score: 254.46

(Variant 1)

e-value: 3.06e^-83
Bit score: 254.46

(Variant 1)

e-value: 5.52e^-36
Bit score: 106.91

(Variant 2)

e<=1e^-8
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Aging/Longevity  

 

 Transgenic organisms and RNA interference experiments have uncovered genes 

that directly influence the progression of the aging process and phenotype. Contributing 

genes and networks that influence the progression of aging includes telomerase activity 

(Whitaker et al., 1995; Nowak et al., 2006; Blasco, 2007), sirtuin proteins (Dali-Youcef 

et al., 2007; Someya et al., 2010; Park et al., 2013), heat shock proteins (Gong et al. 

2009; Benoit et al., 2010), and the reactivation of oncogenes (Newbold and Overell, 

1983; Garbe et al., 1999; Bringold and Serrano, 2000). The candidate genes for aging and 

longevity, GenBank ID, full gene name, species, and number of variants are listed in 

Table 24. 
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Table 24: Candidate genes for longevity and aging. 

 

Telomerase Activity 

Telomerase subunits 

 Telomerase is a specialized DNA polymerase that elongates the protective ends of 

DNA molecules, called telomeres, to inhibit the loss of genetic information during DNA 

replication. Telomerase maintains the telomere length across a large range of both 

invertebrate and vertebrate species, such as sea stars, crustaceans, fish and mammals, and 

is involved in aging and/or regenerative processes (Elmore et al., 2008). The telomere 

motif (TTAGGN)n is present in all animal lineages, from basal metazoans to mammals, 

# Genbank Gene ID mRNA Symbol Gene Name Species Transcript Variants
1 7015 TERT Telomerase reverse transcriptase H. sapiens 2
2 7012 TERC Telomerase RNA component H. sapiens 1
3 1736 DKC1 Dyskerin pseudouridine synthase 1 H. sapiens 3
4 7011 TEP1 Telomerase associated protein 1 H. sapiens 2
5 7013 TRF1 Telomeric repeat binding factor 1 H. sapiens 2
6 7014 TRF2 Telomeric repeat binding factor 2 H. sapiens 1
7 26277 TINF2 TERF1 interacting nuclear factor 2 H. sapiens 2
8 25913 POT2 Protection of telomeres 1 H. sapiens 2
9 5906 RAP1 Repressor/activator protein 1 H. sapiens 3

10 65057 PTOP POT1-TIN2 organizer protein H. sapiens 3
11 2542313 Taz1 Telomere length regulator S. pombe 1
12 2540115 Rap1 Telomere binding protein S. pombe 1
13 2542244 Poz1 Pot1 associated protein S. pombe 1
14 2542414 Tpz1 Telomere-protecting protein S. pombe 1
15 2542703 Pot1 Telomere end-binding protein S. pombe 1
16 2539352 Ccq1 Telomere maintenance protein S. pombe 1
17 851520 SIR2 NAD-dependent histone deacetylase SIR2 Saccharomyces cerevisiae 1
18 177924 Sir-2.1 NAD-dependent protein deacetylase sir-2.1 C. elegans 2
19 34708 dSir2 NAD-dependent protein deacetylase dSir2 D. melanogaster 1
20 23411 SIRT1 Sirtuin 1 H. sapiens 3
21 22933 SIRT2 Sirtuin 2 H. sapiens 3
22 23410 SIRT3 Sirtuin 3 H. sapiens 2
23 23409 SIRT4 Sirtuin 4 H. sapiens 1
24 23408 SIRT5 Sirtuin 5 H. sapiens 4
25 51548 SIRT6 Sirtuin 6 H. sapiens 9
26 51547 SIRT7 Sirtuin 7 H. sapiens 1
27 173078 HSF-1 Heat shock factor 1 C. elegans 1
28 3297 HSF-1 Heat shock factor 1 H. sapiens 1
29 175410 Daf-2 Insulin-like receptor subunit beta C. elegans 4
30 172981 Daf-16 Forkhead box protein O C. elegans 8
31 176608 MRT-2 MoRTal germline C. elegans 1



 

76 

 

except for phylum Arthropoda and Nematoda (Traut et al., 2007; Gomes et al., 2010). 

The majority of metazoan somatic cells do not express telomerase, but the enzyme is 

continuously active in immortal germline cells and cancerous cells. Telomerase has been 

detected via telomerase repeat amplification protocol (TRAP) assays in cnidarian systems 

such as the moon jellyfish and ctenophores, but not in Hydra or Nematostella (Traut et 

al., 2007).  

The human orthologs of the telomerase subunits, TERT, TERC, DKC1 and TEP1, 

were screened in all transcriptomes. TERT is the catalytic subunit of telomerase and 

works with TERC to maintain the length of telomeres, forming the most fundamental 

parts of the enzyme. All subunits have significant matches against the queried factors 

(Table 25). DKC1, the Dsykerin component, in particular exhibited an e-value of 0 and a 

very high bit score (714.5) in all stages, thus have very high potential of being true 

orthologs. Further analyses that detect telomerase, such as a TRAP detection assay, on 

the different stages of T. dohrnii would provide insight on whether telomerase is active 

among the stages and whether it may play a role in its reverse development.  
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Table 25: tBlastx screening of telomerase subunits. 

 

Shelterin 

The shelterin complex’s main function is to protect telomeres from DNA repair 

and maintain telomerase activity (Xin et al., 2008; Martínez and Blasco, 2010). By 

binding to the telomere motif (TTAGGN)n and forming a loop-like cap structure, the 

complex prevents DNA repairing machinery to access telomeres. Without the shelterin 

complex, cells will often undergo senescence or apoptosis. The shelterin complex has 

been found surprisingly found in yeast (Martinez et al., 2016), but absent in fruit flies, 

which also lacks telomerase (Raffa et al., 2013). Whether basal metazoans possess 

similar shelterin complex as vertebrates remains to be unknown. The human shelterin 

subunits, TRF1, TRF2, TINF2, POT2, RAP1, and PTOP were screened for in each of the 

transcriptomes. Many subunits were missing from some or all of the stages (Table 26), 

implying that the mammalian shelterin complex is absent in T. dohrnii.  

#
Genbank 
Accession #

mRNA 
Symbol Species Polyps Jellyfish Cyst

1
NM_198253.2, 
NM_001193376.1

TERT H. sapiens
e-value: 2.50e^-31

Bit score: 69.34
(Variant 1)

e-value: 7.63e^-46
Bit score: 69.34

(Variant 1)

e-value: 1.48e^-43
Bit score: 69.8

(Variant 1)

2 NR_001566.1 TERC H. sapiens e-value: 1.42e^-113
Bit score: 221.92

e-value: 1.75e^-113
Bit score: 216.88

e-value: 1.94e^-113
Bit score: 216.88

3
NM_001363.4, 
NM_001142463.2, 
NM_001288747.1

DKC1 H. sapiens e-value: 0
Bit score: 714.5

e-value: 0
Bit score: 714.5

e-value: 0
Bit score: 714.5

4
NM_007110.4, 
NM_001319035.1

TEP1 H. sapiens
e-value: 1.19e^-65
Bit score: 193.97

(Variant 2)

e-value: 4.20e^-70
Bit score: 135.32

(Variant 2)

e-value: 5.18e^-36
Bit score: 132.12

(Variant 2)

e<=1e^-8
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Table 26: tBlastx screening of human shelterin subunits. 

 

Interestingly, the only subunit with potential orthologs consistently among the 

three stages was RAP1, a member of an oncogene family that plays a role in cellular 

proliferation. RAP1 is an essential part of the shelterin complex that is evolutionarily 

conserved from the yeast to humans (Martinez et al., 2016). To investigate whether T. 

dohrnii may potentially possess a shelterin complex more similar to fission yeast 

(Schizosaccharomyces pombe), the six yeast shelterin subunits Taz1, Rap1, Poz1, Tpz1, 

Pot1, and Ccq1 were screened for in all three stages. It should been noted that the mRNA 

sequences of the yeast shelterin subunits are considered provisional in the NCBI 

Reference Sequences (RefSeq) database.  

The only yeast shelterin subunit with matches was Tpz1among all three stages, 

implying that a similar multiprotein complex is absent in T. dohrnii (Table 27). The yeast 

Rap1 does not seem to be present in any of the stages. To check whether any of the yeast 

#
Genbank 
Accession #

mRNA 
Symbol Species Polyps Jellyfish Cyst

5 NM_017489.2,
NM_003218.3 TRF1 H. sapiens Absent

e-value: 3.92e^-22
Bit score: 89.5

(Variant 2)

e-value: 1.57e^-34
Bit score: 147.69

(Variant 2)

6 NM_005652.4 TRF2 H. sapiens Absent e-value: 7.99e^-25
Bit score: 58.34

e-value: 7.95e^-34
Bit score: 134.41

7 NM_001099274.1,
NM_012461.2 TINF2 H. sapiens Absent Absent Absent

8 NM_015450.2.
NM_001042594.1 POT2 H. sapiens

e-value: 4.25e^-12
Bit score: 37.72

(Variant 1)
Absent Absent

9
NM_001010935.2,
NM_002884.3,
NM_001291896.1

RAP1 H. sapiens
e-value: 1.87e^-89
Bit score: 330.52

(Variant 2)

e-value: 1.69e^-88
Bit score: 327.31

(Variant 2)

e-value: 2.35e^-88
Bit score: 327.31

(Variant 2)

10
NM_001082486.1,
NM_022914.2,
NM_001082487.1

PTOP H. sapiens Absent Absent Absent

e<=1e^-8
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subunits may have been the same tBlastx hits as humans (Table 26), the accession 

numbers of hits with the highest bit score were compared in each stage (data not shown). 

None of the accession values overlapped between the human and yeast subunits, 

implying no potential orthologs between the two groups were found. Overall, more 

potential orthologs of subunits were found in the human shelterin as compared to the 

yeast. Further investigation on whether these matches are true orthologs would 

potentially contribute to the characterization of the shelterin or shelterin-like complex, in 

T. dohrnii.  

 

 
Table 27: tBlastx screening of fission yeast shelterin subunits. 

 

Sirtuins 

 The overexpression of the Sir2 (silent information regulator 2) gene has been 

found to extend life span in brewer’s yeast (Kaeberlein et al., 1999), nematodes 

(Tissenbaum and Guarente, 2001) and fruit flies (Rogina and Helfand, 2004). This 

discovery has led to a series of subsequent studies on Sir2 related genes in murine and 

human system, in which seven mammalian SIRT proteins have been identified. Among 

#
Genbank 
Accession #

mRNA 
Symbol Species Polyps Jellyfish Cyst

11 NM_001019472.2 Taz1 S. pombe Absent Absent Absent
12 NM_001022207.2 Rap1 S. pombe Absent Absent Absent
13 NM_001019857.2 Poz1 S. pombe Absent Absent Absent

14 NM_001019338.3 Tpz1 S. pombe e-value: 6.34e^-32
Bit score: 71.63

e-value: 6.31e^-32
Bit score: 71.63

e-value: 8.74e^-32
Bit score: 71.63

15 NM_001019882.2 Pot1 S. pombe Absent Absent Absent
16 NM_001023200.2 Ccq1 S. pombe Absent Absent Absent

e<=1e^-8
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the SIRT proteins, the mammalian Sir2 ortholog SIRT1, has been extensively 

investigated on whether the protein have similar functions in promoting longevity as Sir2. 

Though SIRT1 did not increase lifespan like the invertebrate counterparts, it plays a role 

in stem cell functionality and took part in improving cellular function through 

enhancements such as stabilizing genomic DNA and increasing metabolic efficiency 

(Herranz et al., 2010; Park et al., 2013). SIRT6 however, has been found to extend the 

lifespan in mammals (Park et al., 2013) and its deletion has been found to induce 

premature defects among test subjects (Dalli-Youcef et al., 2007).  

The Sir2 gene from yeast, nematodes (Sir-2.1) and fruit flies (dSir2), and the seven 

mammalian SIRTs were screened for in the transcriptomes. Due to the high potential of 

the SIRT genes exhibiting similar sequence composition and structure, the accession 

name of the top hit sequence of the highest bit score was also used to evaluate the results.  

 All four Sir2 orthologs, Sir2. Sir-2.1, dSir2, SIRT1, matched the same accession 

number, which was expected (Table 28). Interestingly, among the vertebrate and 

invertebrate Sir2 orthologs, the mammalian SIRT1 gene had the highest alignment score 

throughout all of the T. dohrnii stages (Table 29). Each of the stages have 3-4 other 

potential SIRT orthologs (Table 28). When the SIRT genes that matched the same 

accession name were compared, SIRT6 in the polyp and cyst stage in particular exhibited 

alignment scores (Table 29). Downstream analyses to further investigate whether Sirtuin 

proteins orthologs are truly expressed and whether these genes are differential expression 

among the T. dohrnii stages will provide more insight on their potential involvement in 

its ability to undergo life cycle reversal.  
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Table 28: Accession name of sirtuin hits with highest bit scores.  

 

 
Table 29: tBlastx screening of sirtuin genes.  

mRNA Symbol Polyp Jellyfish Cyst
Sir2
Sir-2.1
dSir2
SIRT1
SIRT2
SIRT3
SIRT4 10771_c1_g1_i1 14866_c1_g1_i2
SIRT5 1036_c0_g1_i1 11979_c1_g1_i1
SIRT6
SIRT7

9731_c0_g1_i1

26844_c0_g1_i1

15891_c0_g1_i1

37701_g1_i1

35468_g1_i1

41091_g1_i1

33775_g1_i1

17367_c0_g1_i1

22923_c0_g1_i1

13219_c2_g1_i1

#
Genbank 
Accession #

mRNA 
Symbol Species Polyps Jellyfish Cyst

17 NM_001180101.1 Sir2 S. cerevisiae 
e-value: 6.13e^-59
Bit score: 115.16

e-value: 6.05e^-59
Bit score: 115.16

e-value: 8.45e^-59
Bit score: 115.16

18
NM_001268555.1,
NM_001268556.1

Sir-2.1 C. elegans
e-value: 7.87e^-101

Bit score: 251.25
(Variant 2)

e-value: 7.71e^-101
Bit score: 251.25

(Variant 2)

e-value: 1.08e^-100
Bit score: 251.25

(Variant 2)

19 NM_058003.4 dSir2 D. melanogaster
e-value: 8.11e^-110

Bit score: 295.69
e-value: 7.95e^-110

Bit score: 295.69
e-value: 1.53e^-109

Bit score: 295.69

20
NM_012238.4,
NM_001142498.1,
NM_001314049.1

SIRT1 H. sapiens
e-value: 1.46e^-133

Bit score: 347.01
(Variant 1)

e-value: 1.15e^-133
Bit score: 347.01

(Variant 1)

e-value: 3.14e^-131
Bit score: 345.18

(Variant 1)

21
NM_012237.3,
NM_030593.2,
NM_001193286.1

SIRT2 H. sapiens
e-value: 1.55e^-77
Bit score: 195.35

(Variant 1)

e-value: 1.55e^-77
Bit score: 195.35

(Variant 1)

e-value: 4.52e^-65
Bit score: 191.22

(Variant 2)

22
NM_012239.5,
NM_001017524.2

SIRT3 H. sapiens
e-value: 3.16e^-78
Bit score: 208.18

(Variant 2)

e-value: 8.83e^-79
Bit score: 259.04

(Variant 2)

e-value: 2.84e^-77
Bit score: 205.43

(Variant 2)

23 NM_012240.2 SIRT4 H. sapiens
e-value: 8.84e^-92
Bit score: 205.89

e-value: 1.99e^-45
Bit score: 182.06

e-value: 8.55e^-11
Bit score: 42.76

24

NM_012241.4,
NM_031244.3,
NM_001193267.2,
NM_001242827.1

SIRT5 H. sapiens
e-value: 1.70e^-17

Bit score: 55.59
(Variant 1)

e-value: 1.94e^-26
Bit score: 84.92

(Variant 4)

e-value: 1.17e^-33
Bit score: 128.91

(Variant 4)

25

NM_016539.3,
NM_001193285.2,
NM_001321058.1,
NM_001321059.1,
NM_001321060.1,
NM_001321061.1,
NM_001321062.1,
NM_001321063.1,
NM_001321064.1

SIRT6 H. sapiens
e-value: 9.34e^-107

Bit score: 382.3
(Variant 1)

e-value: 1.76e^-36
Bit score: 136.24

(Variant 1)

e-value: 6.82e^-84
Bit score: 310.82

(Variant 1)

26 NM_016538.2 SIRT7 H. sapiens
e-value: 1.32e^-40

Bit score: 92.25
e-value: 9.12e^-15

Bit score: 73.46
e-value: 7.12e^-31

Bit score: 91.33

e<=1e^-8
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Other aging/longevity genes  

 Other genes that have been reported to influence longevity and aging, HSF-1, 

Daf-2, Daf-16 and MRT2 were screened in T. dohrnii. Both the nematode and 

mammalian HSF-1 had top matches with the same accession name (data not shown), and 

similar to the Sir2 orthologs, the mammalian query had a higher alignment score (Table 

30). Among the queried genes, Daf-2 in all stages and Daf-16 in the polyp and jellyfish 

stage are among high interest for downstream analyses to determine whether these 

matches are true orthologs.  

 

 
Table 30: tBlastx screening of other aging and longevity genes. 

  

#
Genbank 
Accession #

mRNA 
Symbol Species Polyps Jellyfish Cyst

27 NM_060630.3 HSF-1 C. elegans
e-value: 8.48e^-26

Bit score: 103.9
e-value: 8.45e^-26

Bit score: 103.9
e-value: 8.45e^-25

Bit score: 103.9

28 NM_005526.3 HSF-1 H. sapiens
e-Value: 3.88e^-42

Bit score: 115.1
e-value: 5.47e^-25

Bit score: 115.1
e-value: 3.21e^-37

Bit score: 115.1

29

NM_065249.4,
NM_001312987.1,
NM_001312988.1,
NM_001312989.1

Daf-2 C. elegans
e-value: 6.75e^-77
Bit score: 182.52

(Variant 4)

e-value: 1.85e^-68
Bit score: 182.52

(Variant 4)

e-value: 3.04e^-42
Bit score: 144.94

(Variant 4)

30

NM_001264561.1,
NM_001026427.4,
NM_001026425.3,
NM_001026424.4,
NM_001026423.4,
NM_001026422.4,
NM_001264563.1,
NM_001026426.2

Daf-16 C. elegans
e-value: 1.18e^-51
Bit score: 203.24

(Variant 1)

e-value: 1.16e^-51
Bit score: 203.24

(Variant 1)

e-value: 1.20e^-18
Bit score: 94.03

(Variant 1)

31 NM_067120.4 MRT-2 C. elegans
e-value: 1.91e^-12

Bit score: 54.68
e-value: 1.86e^-12

Bit score: 54.68
e-value: 2.55e^-12

Bit score: 54.68

e<=1e^-8
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4. CONCLUSION 

 

The polyp, jellyfish and cyst stage of Turritopsis dohrnii were sequenced through 

RNA-sequencing, assembled via a de novo approach, and assigned GO functional 

annotation to create a gene expression profile of each stage. Comparative functional gene 

enrichment analyses were conducted using the cyst as the central stage of our comparison 

to identify genetic networks and pathways that are potentially involved in the reverse 

development and transdifferentiation in T. dohrnii. Our results suggest that DNA 

synthesis and metabolic processes, telomerase activity, and chitin related enrichment 

categories are over-expressed in the cyst in comparison to the polyp and jellyfish stage. 

On the other hand, gene enrichment categories involving lifespan and aging, cellular 

characterization, division, differentiation and development, and response to stimuli are 

under-expressed in the cyst in comparison to the polyp and jellyfish stage. Our results 

confirm our starting hypothesis that biological processes associated with longevity, such 

as telomerase activity, were over-expressed, while there was a variety of suppressed 

processes associated to cellular differentiation and development when compared to the 

other two stages. The data is consistent with the hypothesis where the cyst is actively 

preparing to re-differentiate and revert back into the juvenile polyp stage while repressing 

a variety of biological processes that associate to the characterization of an organism. In 

addition, potential orthologs of candidate genes involved in the induction of pluripotency 

and aging were discovered among all stages. Further studies are necessary to determine 

whether these transcripts within the over- and under-expressed categories and potential 
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orthologs of candidate genes are directly involved in the life-cycle reversal and 

transdifferentiation in T. dohrnii. 
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APPENDIX A 
 

 

# Pathways	 #	Sequences #	Enzymes # Pathways	 #	Sequences #	Enzymes # Pathways	 #	Sequences #	Enzymes
1 Purine	Metabolism 2712 47 1 Purine	Metabolism 1550 45 1 Purine	metabolism 2045 50
2 Thiamine	metabolism 2350 4 2 Thiamine	metabolism 1272 4 2 Thiamine	metabolism 1665 3
3 Biosynthesis	of	antibiotics 802 127 3 Biosynthesis	of	antibiotics 309 106 3 Biosynthesis	of	antibiotics 599 144
4 Aminobenzoate	degredation 376 7 4 Aminobenzoate	degredation 270 6 4 Aminobenzoate	degradation 318 6
5 Oxidative	phosphorylation 351 7 5 Pyrimidine	metabolism 209 31 5 Pyrimidine	metabolism 300 32
6 T	cell	receptor	signaling	pathway 289 2 6 T	cell	receptor	signaling	pathway 196 2 6 T	cell	receptor	signaling	pathway 229 2
7 Pyrimidine	metabolism 279 32 7 Th1	and	Th2	cell	differentiation 175 1 7 Th1	and	Th2	cell	differentiation 204 1
8 Glycolysis/Gluconeogenesis 262 25 8 Phosphatidylinositol	signaling	pathway 125 19 8 Oxidative	phosphorylation 176 8
9 Th1	and	Th2	cell	differentiation 256 1 9 Drug	metabolism	-	other	enzymes 124 13 9 Citrate	cycle	(TCA	cycle) 148 19
10 Cysteine	and	methionine	metabolism 223 29 10 Glutathione	metabolism 116 15 10 Cysteine	and	methionine	metabolism 138 35
11 Carbon	fixation	in	photosynthetic	organisms 176 18 11 Lysine	degradation 110 9 11 Glycolysis	/	Gluconeogenesis 132 25
12 Glutathione	metabolism 173 15 12 Oxidative	phosphorylation	 101 9 12 Glutathione	metabolism 131 15
13 Citrate	cycle	(TCA	cycle) 162 18 13 Inositol	phosphate	metabolism 93 7 13 Aminoacyl-tRNA	biosynthesis 129 20
14 Pyruvate	metabolism 161 23 14 Cysteine	and	methionine	metabolism 92 27 14 Tryptophan	metabolism 125 13
15 Glyoxylate	and	dicarboxylate	metabolism 157 23 15 Glycerophospholipid	metabolism 85 19 15 Carbon	fixation	pathways	in	prokaryotes 125 20
16 Carbon	fixation	pathway	in	prokaryotes 153 22 16 Amino	sugar	and	nucleotide	sugar	metabolism 79 28 16 Amino	sugar	and	nucleotide	sugar	metabolism 124 33
17 Arginine	and	proline	metabolism 141 23 17 Arginine	and	proline	metabolism 78 28 17 Pyruvate	metabolism 123 26
18 Methane	metabolism 136 17 18 Pyruvate	metabolism 71 21 18 Phosphatidylinositol	signaling	system 114 17
19 Drug	metabolism	-	other	enzymes 135 13 19 Glycolysis/Gluconeogenesis 69 22 19 Valine,	leucine	and	isoleucine	degradation 110 18
20 Glycine,	serine	and	threonine	metabolism 132 23 20 Valine,	leucine	and	isoleucine	degradation	 68 17 20 Arginine	and	proline	metabolism 104 20
21 Alanine,	aspartate	and	glutamate	metabolism 130 23 21 Alanine,	aspartate	and	glutamate	metabolism 66 23 21 Alanine,	aspartate	and	glutamate	metabolism 100 22
22 Inositol	phosphate	metabolism 123 22 22 Tryptophan	metabolism 65 13 22 Glycine,	serine	and	threonine	metabolism 98 35
23 Phenylpropanoid	biosynthesis 121 3 23 Aminoacyl-tRNA	biosynthesis 65 20 23 Glycerophospholipid	metabolism 91 20
24 Valine,	leucine	and	isoleucine	degredation 118 21 24 Glycine,	serine	and	threonine	metabolism	 61 27 24 Glyoxylate	and	dicarboxylate	metabolism 84 15
25 Phosphatidylinositol	signaling	system 118 21 25 Carbon	fixation	pathways	in	prokaryotes 61 18 25 Inositol	phosphate	metabolism 83 18
26 Pentose	phosphate	pathway 118 16 26 Phenylpropanoid	biosynthesis 58 2 26 Fatty	acid	degradation 82 9
27 Amino	sugar	and	nucleotide	sugar	metabolism 117 30 27 beta-Alanine	metabolism 57 12 27 Pentose	phosphate	pathway 82 15
28 Lysine	degredation 115 12 28 Glycerolipid	metabolism 57 13 28 Glycerolipid	metabolism 81 14
29 Tryptophan	metabolism 108 16 29 Glyoxylate	and	dicarboxylate	metabolism 55 17 29 Phenylpropanoid	biosynthesis 74 2
30 Aminoacyl-tRNA	biosynthesis 101 20 30 Citrate	cycle	(TCA	cycle) 55 16 30 Butanoate	metabolism 73 15
31 Arginine	biosynthesis 94 13 31 Other	glycan	degradation 49 7 31 Nicotinate	and	nicotinamide	metabolism 71 15
32 Glycerophospholipid	metabolism 94 17 32 Fatty	acid	degradation 47 8 32 beta-Alanine	metabolism 65 11
33 Fatty	acid	degredation 92 11 33 Pentose	phosphate	pathway 47 15 33 Propanoate	metabolism 65 19
34 Fructose	and	mannose	metabolism 90 19 34 Histidine	metabolism 46 7 34 Fructose	and	mannose	metabolism 62 16
35 Porphyrin	and	chlorophyll	metabolism 86 14 35 Sphingolipid	metabolism 43 10 35 Arginine	biosynthesis 62 12
36 Glycerolipid	metablism 83 14 36 Ether	lipid	metabolism 43 5 36 Other	glycan	degradation 58 7
37 Ascorbate	abd	aldarate	metabolism 74 6 37 Cyanoamino	acid	metabolism 42 3 37 Histidine	metabolism 57 10
38 beta-Alanine	metabolism 72 16 38 Arachidonic	acid	metabolism 42 8 38 Starch	and	sucrose	metabolism 56 17
39 Nitgoren	metabolism 68 9 39 Porphyrin	and	chlorophyll	metabolism 40 14 39 Methane	metabolism 54 13
40 Ether	lipid	metabolism 68 7 40 Nicotinate	and	nicotinamide	metabolism 40 14 40 Ascorbate	and	aldarate	metabolism 54 5
41 Propanoate	metabolism 68 17 41 Taurine	and	hypotaurine	metabolism 39 4 41 Nitrogen	metabolism 52 10
42 Histidine	metabolism 64 7 42 Methane	metabolism 39 14 42 alpha-Linolenic	acid	metabolism 50 6
43 Sphingolipid	metabolism 63 13 43 Butanoate	metabolism 39 12 43 Carbon	fixation	in	photosynthetic	organisms 50 15
44 One	carbon	pool	by	folate 60 14 44 Ascorbate	and	aldarate	metabolism 39 5 44 One	carbon	pool	by	folate 49 13
45 Arachidonic	acid	metabolism 59 10 45 Stach	and	sucrose	metabolism 38 13 45 Arachidonic	acid	metabolism 49 8
46 Starch	and	sucrose	metabolism 58 17 46 N-Glycan	biosynthesis 36 10 46 Limonene	and	pinene	degradation 46 2
47 Other	glycan	degradation 57 8 47 Arginine	biosynthesis 35 10 47 N-Glycan	biosynthesis 45 12
48 alpha-Linolenic	acid	metabolism 56 5 48 alpha-Linolenic	acid	metabolism 35 5 48 Phenylalanine	metabolism 45 13
49 Drug	metabolism	-	cytochrome	p450 56 5 49 mTOR	signaling	pathway 34 3 49 Chloroalkane	and	chloroalkene	degradation 44 4
50 Tyrosine	metabolism 53 13 50 One	carbon	pool	by	folate 34 14 50 Porphyrin	and	chlorophyll	metabolism 43 15

Polyp Jellyfish Cyst
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APPENDIX B 

 

Induction of pluripotency 
 

Yamanaka factors 
 
 

 
 

Thompson factors 

 
  

# mRNA Symbol Function/Significance

1 Oct4 (POU5F1)

Mammalian transcription factor (encoded by POU5F1 gene) that is associated with the maintenance and renewal 
of undifferentiated embryonic stem cells that remain active during the embryonic stages (Niwa et al., 2000; 
Takahashi and Yamanaka, 2006; Yamanaka et al., 2007; Lengner et al., 2008; Shi and Jin, 2010).Among the four 
transcription factors that generated an iPSc, Oct4 is indispensable and is a fundamental factor to inducing a 
pluripotent state, no factor has been found to replace it (Feng et al., 2009). This transcript alone was capable of 
inducing a pluripotent state in neural cells (Kim et al., 2009).This transcription factor is highly expressed and is a 
repressor for cell specialization in undifferentiated states but becomes silenced when the cell undergoes 
differentiation (Pesce and Scholer, 2001; Zaehres et al., 2005). Oct4 has been reported to promote tumorigenesis 
by inhibiting cell death (Tai et al., 2005; Chiou et al., 2008; Saigusa et al., 2009). 

2 Sox-2

Sox2 is associated with the maintenance of pluripotency in undifferentiated embryonic stem cells and neural stem 
cells, and plays a fundamental role in the embryonic development of mammals (Avilion et al., 2003; Kiernan et al., 
2005). The genes in the Sox family are known to be highly conserved amongst eukaryotic taxa, attracting much 
interest from evolutionary and clinical geneticists (Collignon et al., 1996; Uchikawa et al., 2003). Sox2 and Oct4 
interact and bind DNA cooperatively (Chambers and Tomlinson, 2009). This transcript has been reported to be 
also be involved in formation of cancers and tumors (Liu et al., 2013; Boumahdi et al., 2014).

3 c-Myc

Proto-oncogene (mutation contributes to cancer) encodes a transcript that regulated gene expression associated 
with maintains the cell cycle, regulating apoptosis and metabolism (Kerr et al., 1994; Dang, 1999). This regulator is 
alleged to universally control gene expression of 15% of all genes in humans (Gearhart et al., 2007) and is up-
regulated in many cancerous cells (Little et al., 1983; Dubik et al., 1987; Chen et al., 2001).

4 Klf4

Transcript that cellular proliferation, apoptosis, differentiation and reprogramming, thus playing a large role in 
modulating reparative responses to DNA damage and maintaining its stability (Segre et al., 1999; El-Karim et al., 
2013). Klf4 is known to promote the formation of tumorigenesis but has also been shown to be an oncogenic 
suppressor (Rowland et al., 2005; Guan et al., 2009).  

4 Klf4

Transcript that cellular proliferation, apoptosis, differentiation and reprogramming, thus playing a large role in 
modulating reparative responses to DNA damage and maintaining its stability (Segre et al., 1999; El-Karim et al., 
2013). Klf4 is known to promote the formation of tumorigenesis but has also been shown to be an oncogenic 
suppressor (Rowland et al., 2005; Guan et al., 2009).  

5 Nanog
Sustains the pluripotent and self-renewing state in mammalian embryonic stem cells and development (Chambers 
et al., 2003; Mitsui et al., 2003). Human embryonic stem cell gene expressed in cancerous cells (Ezeh et al., 2005). 
Knockout experiments have resulted in early embryonic death (Jopling et al., 2011). 

6 Lin28

Encodes a highly conserved miRNA-binding protein that promotes human embryonic stem cell differentiation and 
development; directly enhances the production of insulin-like growth factors; found to be involved in tissue 
regeneration/repair though cellular reprogramming (Chang et al., 2013). When combined with the factors Oct4, 
Sox3 and Nanog, human somatic cells are able to be reprogrammed into a induced pluripotent stem cell (Yu et al., 
2007). 
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Additional factors tested by Yamanaka group 
 

 
 

6 Lin28

Encodes a highly conserved miRNA-binding protein that promotes human embryonic stem cell differentiation and 
development; directly enhances the production of insulin-like growth factors; found to be involved in tissue 
regeneration/repair though cellular reprogramming (Chang et al., 2013). When combined with the factors Oct4, 
Sox3 and Nanog, human somatic cells are able to be reprogrammed into a induced pluripotent stem cell (Yu et al., 
2007). 

7 Ecat1 (KHFC3L)
Maternal gene exclusively expressed in female gametes and embryonic stem cells in bovine; through to be 
required for its sequential development (Zahmatkesh et al., 2015). 

8 Dppa5

Specifically and differentially expressed in human cells that have pluripotency; expression is downregulated during 
induced differentiation of human embryonic stem cells which suggests a critical role in inducing and maintaining a 
pluripotent state, and can be used as a marker of stem cells (Kim et al., 2005). Directly stablizes and enhances the 
function of Nanog in human pluropotent stem cells (Qian et al., 2016).

9 Fbxo15
Often used as a marker transcript of pluripotent embryonic stem cells as it is expressed in murine embryonic stem 
cells and during embryonic development (Shi and Jin, 2010).

10 ERas
Found to be upregulated in cancers/tumors, contributes to the maintenance of morphological changes in 
embryonic stem cell changes and rapid divison of in vitro embryonic stem cells (Takahashi and Yamanaka, 2006). 

11 Dnmt3l
Inactive regultory factor of DNA methyltransferases that is essential for the activation and function of Dnmt3A 
and Dnmt3B, which contibute to the formation of methylation patterns during mammalian embryogenesis (Okano 
et al., 1999). 

12 Ecat8 (TDRD12)
Associated in enbyronic cell transcripts and is prominently associated with cellular reprogramming Feng et al., 
2010). 

13 Gdf3
Part of a superfamily of a superfamily of ligands that is essential to human embryonic development and 
specifically active in stem cells (Levine and Brivanlou, 2006). Have not been found many of the tradtional 
vertebrate model systems, but found in the Xenopus embryo (Munoz-Sanjuán and Brivanlou, 2002). 

14 Sox15

Influences cell fate determination during development and is associated with the regulation of skeletal muscle 
regeneration in mice (Lee et al., 2004). Highest activity during pluripotent state and represses during cellular 
differentiation; demonstrated to have distinct differential roles and functions when compared to Sox2 (Maruyama 
et al., 2005).

15 Dppa4
Highly active in early embryonic development and embryonic stem cells; overexpression in murine cells caused 
large scale cellular death and halt in proliferation; regulator of differentiation into ectoderm cell types (Masaki et 
al., 2007).

16 Dppa2

Specifically active in embryonic stem cells; knockdown of the gene resulted in the differentiation of murine 
embyronic stem cells and downregulated the activity of Oct4 and Nanog, while increasing the genes that mark 
differentiation, such as Fst and Psk1; additionally found to decrease the process of cellular proliferation when 
repressed (Du et al., 2009).

17 Fthl17
Associated with human cancer germlines and giving rise to cancerous cells with stem cell-like functions which 
often results in tumors (Loriot et al., 2003). 

18 Sall4
Regulates the pluripotent state of murine embryonic stem cells through controlling transcription of the gene 
encoding Oct4; binds to a highly conserved region that regulates the activation of Oct4 in vivo and in vitro ; 
interference of the transcript has resulted in differentiation of cells (Yang et al., 2008; Zhang et al., 2006).

19 Rex1 (Zfp42)

Expressed in undifferentiated embryonic and adult stem cells in mammals; disruption enhances differential 
expression of germ layers; believed to influence differentiation, cell cycle maintenance and the progression of 
malignant tumors (Scotland et al., 2009). Low and high levels of Oct4 represses as intermediate levels activate this 
gene; thought to maintain the self-renewing and undifferentiated state in stem cells (Shi and Jin, 2010).

20 Utf1

Transcriptional cofactor expressed in murine embryonic stem cells but is rapidly downregulated during 
differentiation; activated by Oct4 and Sox2 (Okuda et al., 1998; Shi and Jin, 2010). Approximately a 100 fold 
increase in reprogramming efficiency was seen with the introduction of this factor in human fibroblasts at the 
same time as a p53 knockout; a known target of the Oct4-Sox2 heterodimer and believed to activate other 
important reprogramming factors (Feng et al., 2009)

21 Tcl1
Directly associated with human T-cell leukemia and serves as a stem cell marker; found to increase the efficiency 
of embryonic stem cells in culture and its downregulation induced differentiation (Ivanova et al., 2006).

22 Dppa3 (Stella)
Regulates the pluripotent state in mammalian embryonic stem and embryonic germ cells; associated with the 
development of matured germ cell tumors (Bowles et al., 2003). 

23 β-catenin

Induced by Wnt signal transduction pathways and is fundamental to cell-fate determination; uncontrolled 
accumulation results in tumors and other developmental defects (Keilman et al., 2002). Contributes to the 
maintenance of morphological embryonic stem cell changes and rapid divison of  embryonic stem cells in vitro 
(Takahashi and Yamanaka, 2006).

24 Stat3
Oncogene that is persistently active in tumors and causes cell immortalization; normal function is to mediate 
cytokine and growth factor related processes (Bromberg et al., 1999).

25 Grb2
Heavily influences the MAPK/ERK signaling pathway by associating with MEK resulting in the regulation of the 
expression of Nanog in mammalian embryonic stem cells (Hamazaki et al., 2006).
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Aging 
Telomerase Activity 

 

 

 

# mRNA Symbol Function/Significance

1 TERT

Contains the reverse transcriptase motif and is the catalytic subunit of of telomerase; One of the major components 
(other major component TERC) of the telomerase enzyme; The human component produced from the gene, hTERT, 
adds new segments of DNA to the chromosome ends using the component produced from the TERC gene, hTR, as a 
template for the elongatio of telomeres by the telomerase enzyme (Feng et al., 1995). Is the only telomerase associated 
gene that changed expression proportionally to telomerase production, as others either remain high or unchanged 
(Chang et al., 2002). Not expressed in somatic cells, upregulated in immortal germ cells and tumors/cancerous cells; 
Direct target of one of the Yamanaka factors, c-Myc, which mediated the induction of this gene (Greenberg et al., 
1999). Increased the reprogramming efficiency of human fibroblasts in addition to the core transcription factors (Feng 
et al., 2009).

2 TERC

One of the major components of the telomerase enzyme (other major component TERT); Produced hTR component in 
humans and provides a template for the elongation of telomeres by telomerase (Feng et al., 2009). Introduction of this 
gene in malignant cell lines resulted in the loss of telomeres and promoted senescence, the implication of playing a 
indispensible role in the maintenance of telomeres (Deng et al., 2008).

3 DKC1

Provides instruction for the production of a protein called dyskerin involved in the maintenance of telomeres; 
Mutations in this gene lead to a significant destablization of hTR; Plays a primary function in the processing or 
assembly of the hTR gene into the telomerase complex (Chang et al., 2002; Mochizuki et al., 2004). Mutations that 
affect this gene result in premature aging syndromes due to decreased telomerase activity and shorter telomeres 
(Blasco, 2005). 

4 TEP1

Suspected to be associated with RNA and protein binding; Perhaps involved in the progression of cancer; Inhibitory 
experiments with the gene reported the inhibition of telomerase activity in the cells, despite a indirect correlation to 
telomerase production (Chang et al., 2002). Overexpression of the TERT gene in combination of the underexpression 
of this gene was correlated to the heightened telomerase levels in cancer cell lines (Dome et al., 1999). 

5 TRF1

Part of the shelterin complex that is responsible for telomerase production and activity by creating a loop to stablize 
the telomeres (Martinez and Blasco, 2010). Directly binds to the telomere repeats as well as other factors to form large 
complexes to regulate the telomere length and functionality; Function extends outside of telomere regulation as the 
deletion of the gene in murine models result in embryonic lethality; Expression is significantly altered in maliginant 
cells (Blasco, 2005).

6 TRF2

Part of the shelterin complex that is responsible for telomerase production and activity by creating a loop to stablize 
the telomeres (Martinez and Blasco, 2010). Directly binds to the telomere repeats as well as other factors to form large 
complexes to regulate the telomere length and functionality; Expression is signifciantly altered in malignant cells; 
Responsible for many diseases that cause chromosomal instability (Blasco, 2005). Specific role of protecting the 
single-stranded telomeric overhang from degradation and DNA repairation in order to prevent the fusion of the ends 
of telomeres (Smogorzewska and de Lange, 2004).

7 TIN2

Part of the shelterin complex that is responsible for telomerase production and activity by creating a loop to stablize 
the telomeres; Deletion led to early embryonic lethality (Martinez and Blasco, 2010). Believed to be a regulator for 
telomere length by controlling the access of telomerases to the repetitive ends through the interaction with TRF1; 
Mice deficient in this gene exhbit embryo lethality; Overexpressed in murine tumors (Blasco, 2005).

8 POT1
Part of the shelterin complex that is responsible for telomerase production and activity by creating a loop to stablize 
the telomeres (Martinez and Blasco, 2010). Interacts with TRF1 and PTOP to regulate the access of telomerase to 
telomeres and associated with its capping; Overexpressed in murine tumors (Blasco, 2005). 

9 RAP1
Part of the shelterin complex that is responsible for telomerase production and activity by creating a loop to stablize 
the telomeres; Plays a role in protecting from telomere recombination and combats fragility of the complex (Martinez 
and Blasco, 2010).

10 PTOP

Part of the shelterin complex that is responsible for telomerase production and activity by creating a loop to stablize 
the telomeres; Deletion directly affected the presence of POT1 at telomeres and results in excess of single-stranded 
telomere DNA sequences (Martinez and Blasco, 2010). Deletion of this gene resulted in the failed elognation of 
telomeres when used in pluripotency experiment involving the core reprogramming factors that induce pluripotency 
(Tejera et al., 2010).
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Sirtuins 

 
 

Other aging/longevity genes 
 

 

10 PTOP

Part of the shelterin complex that is responsible for telomerase production and activity by creating a 
loop to stablize the telomeres; Deletion directly affected the presence of POT1 at telomeres and 
results in excess of single-stranded telomere DNA sequences (Martinez and Blasco, 2010). Deletion 
of this gene resulted in the failed elognation of telomeres when used in pluripotency experiment 
involving the core reprogramming factors that induce pluripotency (Tejera et al., 2010).

11 Sir2

12 Sir2.1

13 dSir2

14 SIRT1

Closest homolog to invertegrate Sir2 gene in mammals; overexpression improves aspect of bodily 
function though enhacements suchs as genomic stability and increased metabolic efficiency but did 
not increase lifespan (Herranz et al., 2010). Plays a role in stem cell functionality through controlling 
cell fate pathways and/or regulating p53 independent expression of Nanog; downregulated during 
human embryonic stem cell differentiation (Calvanese et al., 2010). Studies of mice deficient and 
overexpressive of this gene portrayed that it the gene regulates the shortening of telomeres as 
animals age (Park et al., 2013).

15 SIRT2

Downregulated/deleted in one of the most frequent and malignant brain tumors in humans called 
gliomas (Hiratsuka et al., 2003). Thought to be a potential tumor surpressor as it plays a critical role 
in cell cycle progression; Specifically it plays a role as the mitotic checkpoint and prevents 
chromosome instability (Dali-Youcef et al., 2007).

16 SIRT3
Mitochondrial mammalian sirtuin that increases the deacetylation of proteins and is linked to 
longevity in murine models; Reduction of reactive oxygen species in response to stress (Dali-Youcef 
et al., 2007).  Have been found highly expressed in long living individuals (Park et al., 2013).

17 SIRT6

Suggested to regulate the stability of genomic DNA and its repair; Believed to play an essential role 
in maintaining organ functionality as animals age; Deletion in murine models exhbit premature 
defects and anomolies in test subjects (Dali-Youcef et al., 2007). Only sirtuin isoform that was able to 
extend the lifespan in mammals, and is beleived to play a similar role to SIRT1 (Park et al., 2013).

Protein found in yeast [Sir2], nematodes [Sir-2.1], and fruit flies [dSir2]; Overexpression leads to the 
decrease in histone acetylation activity and an increase in life span in all three taxa; Compounds that 
activiate this gene was shown to promote longevity in taxa ranging from yeast to the mouse through 
its involvement in caloric restriction (Dali-Youcef et al., 2007).

17 SIRT6

Suggested to regulate the stability of genomic DNA and its repair; Believed to play an essential role 
in maintaining organ functionality as animals age; Deletion in murine models exhbit premature 
defects and anomolies in test subjects (Dali-Youcef et al., 2007). Only sirtuin isoform that was able to 
extend the lifespan in mammals, and is beleived to play a similar role to SIRT1 (Park et al., 2013).

27, 28 HSF-1
Master regulator of the heat-shock response that increases the lifespan and tolerance against 
thermal stress in nematodes (Chiang et al., 2012). In mammals, this gene activates other heat shock 
proteins in conjunction with SIRT1 (Westerheide et al., 2009).

29 Daf-2
One of the key components that modulates aging/longevity in roundworms, aditionally a regulator 
of reproduction, lipid metabolism and entry into developmental diapause that arrests metabolism to 
ensure long term survival (Kimura et al., 1997).

30 Daf-16 Homolog of the mammalian FOXO gene; Increased expression increases the resistance to 
proteotoxic stress an extends lifepsan in roundworms (Vilchez et al., 2012).

31 MRT-2
Checkpoint protein required for germline immortality in nematodes; facilitator of telomerase and 
telomere replication as mutants will exhibit progressive shortening of telomeres (Ahmed and 
Hodgkin, 2000).


