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ABSTRACT

Parasitism is ubiquitous in nature, yet little is known about the evolutionary mechanisms

that lead to a parasitic lifestyle. Facultative parasites can switch between free-living and parasitic

lifestyles, which may provide an opportunity to study the genetic mechanisms underlying a

transition to parasitism. The oligochaete Dero (Allodero) hylae is a facultative parasite

commonly found within the ureter of various anuran species, such as the Cuban Tree Frog

(Osteopilus septentrionalis). Dero hylae makes passage through the frog’s cloaca, where it then

infects the ureter. In the ureter, the worm loses free-living characteristics such as hair setae,

dorsal setae, a digestive tract, and fossa with gills as it transitions to a parasitic lifestyle. Dero

hylae may be expelled from its host during urination, when this occurs the worm will reacquire

free-living characteristics. The focus of this study is to compare the differential gene expression

profiles observed when this rapid morphological change takes place. Specimens of D. hylae were

collected from wild Cuban Tree Frogs and either flash-frozen for their parasitic stage RNA

profile or cultured for two weeks to produce their free-living stage and then flash-frozen. Using

the sequenced RNA, a de novo transcriptome was assembled and differential gene expression

RNA Tag-Seq analysis between the free-living and parasitic life forms was analyzed. Based on

these results, we have identified 213 genes differentially expressed transcripts between the two

life forms, 190 of these being up-regulated in the free-living life form. While over half of the

differential genes recovered did not recover any significant BLAST hits, many of these genes did

provide insight into which molecular signals are potentially used by D. hylae to lose and

subsequently regrow their setae, digestive tract, and gills. This analysis provides significant

insight into which differentially expressed genes are linked to drastic morphological changes

observed in this rare oligochaete parasitism across the free-living and parasitic forms of D. hylae.
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INTRODUCTION

Parasitism has evolved independently on numerous occasions (Roberts et al., 2012),

however, we understand little about the adaptive process that leads to a parasitic lifestyle

(Dieterich and Sommer, 2009; Viney, 2017; Luong and Mathot, 2019). As reviewed by Luong

and Mathot (2019), facultative parasites may provide a roadmap to understanding obligate

parasitism. Facultative parasites can transition between free-living and parasitic lifestyles under

specific environmental conditions, providing an opportunity to understand the genetic

mechanisms that facilitate a transition to a parasitic lifestyle. The phenotypically plastic annelids

in the genus Dero and their anuran hosts may serve as a model system to study the evolutionary

transition to parasitism (Gelder, 1980; Andrews et al., 2015). While few studies have been

conducted on these rare endoparasitic annelids, it is well-established that Dero worms

facultatively parasitize or phoretically travel on anuran hosts (Lopez et al., 1999; Andrews et al.,

2015). It is unknown what genetic mechanisms facilitated the presumed progression from

phoresy to facultative parasitism in some species of Dero.

Michaelson (1926) identified the first oligochaete symbiont in the ureter of South

American hylid tree frogs. These collected specimens lacked dorsal setae, branchial fossa, and

gills, which are characteristics of almost all oligochaetes. However, once the worms were

cultured in pond water, they developed dorsal setae, caudal fossa, and gills (Michaelson, 1926).

Based on the unique parasitic lifestyle and morphological characteristics of these worms, the

subgenus Allodero was created and placed in the genus Dero based on the formation of the

caudal fossa and gills when free-living (Sperber, 1948). Within Dero (Allodero), there are 7
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known species that infect either the eyes or the ureters of anurans (Sinch et al., 2019). Sinch et al.

(2019) used molecular evidence to conclude that the subgenera in Dero: Allodero, Aulophorus,

and Dero are not distinct evolutionary lineages and that the genus is paraphyletic because it

includes Branchiodrilus.

The parasitic oligochaete Dero (Allodero) hylae is found within anuran species across

tropical and subtropical regions (Harman, 1973; Harman & Lawler, 1975). Dero hylae is only

found within the families Hylidae and Bufonidae (Harman and Lawler, 1975). The host of D.

hylae seems to be dependent on the region, as, in the Southeastern Coastal Plain of the United

States, the worms have been noted to infect Hyla cinerea, Hyla versicolor, and Hyla squirella

(Harman and Lawler, 1975). Meanwhile, in Louisiana, H. cinerea is not known to be infected

while H. versicolor and H. squirella are known hosts (Harman, 1973).

Dero hylae is capable of locating and infecting new hosts via the hosts’ urine, as it travels

into the ureter by passage of the cloaca, where the worm adopts an endoparasitic lifestyle

(Harman and Lawler, 1975; Andrews et al., 2015). Within 72 hours of a free-living worm

infecting a host, they begin to lose their hair setae, some of their dorsal setae, and gills in the

fossa are minimized (Fig.1). It was previously thought that D. hylae did not cause the ureter any

harm or damage (Harman and Lawler, 1975), which sparked debate on the nature of the

relationship between anurans and D. hylae. However, it has recently been experimentally

demonstrated that infections cause physical damage to the ureter that can kill young frogs

(Andrews et al., 2015).

Andrews et al. (2015) also demonstrated that parasitic worms could be expelled from

their host during urination. During intense infections, worms effectively spill over from the

ureter into the urinary bladder and are susceptible to being voided with the urine. If they do not
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find a new host after 72 hours or more after expulsion, D. hylae will begin a morphological

transformation to grow hair setae, dorsal setae, a digestive tract, and a fossa with gills. This

major morphological transformation provides the previously parasitic worms with the necessary

anatomical structures of their free-living environment. The worms are capable of surviving in a

free-living environment for an extended time period, although it is unclear under what

circumstances free-living D. hylae seek anuran hosts (Andrews et al., 2015).

It is currently unknown how these worms reproduce, and whether or not the free-living

form is required for reproduction (Lutz, 1927; Andrews et al., 2015). However, some studies

have suggested that worms may only reproduce asexually while in the host, which would require

the worms to leave the host to infect another (Goodchild, 1951; Gelder, 1980). Andrews et al.

(2015) suggested that once acclimated to a free-living environment D. hylae may develop sexual

organs under specific environmental conditions, however, they were unable to stimulate

development of sexual organs under laboratory conditions.

The mechanism of transition between free-living to parasitic and vice versa is also

unknown, with a lack of genetic material among these parasitic oligochaetes to aid our

understanding. By collecting D. hylae in their parasitic and free-living forms RNA could be

extracted and differential gene expression quantified at each life-history stage. We aim to

determine which genes may better assist our understanding of the morphological transformation

between the free-living or parasitic forms in D. hylae.

METHODS

Sample collection

This study was performed on the campus of Florida Southern College in Lakeland,

Florida, USA. From which, wild Cuban tree frogs (Osteopilus septentrionalis) were caught by
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hand, or net if necessary, to obtain samples of D. hylae. The frogs were transported to the

laboratory and promptly euthanized by double pithing, in accordance with IACUC protocol

#2021-03. Following euthanization, the urinary bladder and ureter of the Cuban tree frogs were

dissected to collect parasitic D. hylae samples. All D. hylae samples found within the frogs were

either flash-frozen with liquid nitrogen for later RNA extraction or placed in a small dish of

water from the campus mesocosms to culture free-living forms. Worms were observed daily for

the development of their setae, gut, and gills to determine when the morphological

transformation had occurred from their parasitic to free-living forms. Once in their free-living

form, they were flash-frozen in liquid nitrogen for RNA extraction. Each sample had

approximately 6 worms of each corresponding life history stage. These were collected in

replicates of 4 each, with the three best RNA extractions sent out for sequencing.

RNA extraction and sequencing

RNA extractions were completed using the Invitrogen RNAqueous™ extraction kit

(Thermofisher Scientific, Waltham, MA, USA) following the manufacturer's protocol. RNA

concentrations were measured on the NanoDrop ND- 1000 Spectrophotometer (ThermoFisher)

with the three highest concentrations for each morphological state sent to Admera Health

Biopharma Services (South Plainfield, NJ, United States) to be sequenced. RNA aliquots from

all high concentration samples were combined for total RNA sequencing. At Admera Health,

each of the individual and combined RNA samples' quality and quantity were evaluated using

the Qubit RNA HS assay (ThermoFisher) and Bioanalyzer 2100 Eukaryote Total RNA Nano

(Agilent Technologies, CA, USA), respectively. After passing through quality control, the

combined RNA samples were sequenced using the NEBNext® Ultra™ II Non-Directional RNA

Second Strand Synthesis Module (New England BioLab, MA, USA) on the Illumina NovaSeq -
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S4 flow cell (CA, USA), at a minimum of 40 million paired end reads across 150 base pairs in

both directions. The individual RNA Tag-Seq samples were prepared for RNA Tag-Seq using the

QuantSeq 3′ mRNA-Seq Library Prep Kit FWD for Illumina (Lexogen, Vienna, Austria) at a

minimum of 100 bases and 4 million reads per sample. Raw reads were deposited on NCBI’s

Sequence Read Archive (SRA) database under the BioProject accession PRJNA854921.

Transcriptome assembly and gene expression analysis

We conducted a de novo transcriptome assembly for D. hylae using Trinity v2.13.2

(Grabherr et al. 2011) using Trimmomatic (Bolger et al. 2014) and the “no_bowtie” option, with

all other default parameters (Haas et al. 2013). Transcriptome completeness was determined

using the metazoan database in the program BUSCO v5.3.2 (Manni et al. 2021). Once

assembled, raw reads were mapped to the assembled transcriptome using Kallisto (Bray, et al.,

2016) to generate transcript and gene abundance measures. A differential expression analysis

comparing RNA Taq-Seq runs across the two distinct morphological life history stages was

conducted using EdgeR with a fold change of 4 or greater and 0.05 P-value for significance

(Robinson, et al., 2010). Differentially expressed genes were further screened through

subsequent tBLASTn searches (Altschul, et al., 1990) against the annotated UniProt dataset

(Uniprot Consortium, 2018) and non-redundant NCBI protein database to predict gene function

and identify gene ontology groups to aid in our understanding of these gene functions as they

relate to the morphological transformation between parasitic and free-living forms.

RESULTS

In total, there were 17 Cuban Tree Frogs collected from FSC campus and surrounding

areas from November 2021 to January 2022. Of these, only two were found to be infected with

D. hylae (11.7%). Although lower than expected, it does coincide with a lower prevalence
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previously surveyed with colder months (Andrews, et al., 2015). Each contained a large number

of parasitic D. hylae worms, however, it took approximately two weeks for culturing of D. hylae

to induce the morphological transformation to their free-living form to display setae and a

digestive tract, which differs from previous reports of approximately 72 hours (Andrews, et al.,

2015), which again may be attributed to slower life cycle stages during the colder months.

Despite sampling only two frogs, there were several D. hylae from each to collect and use for

subsequent RNA extractions.

For the transcriptome assembly 21.7 million paired end reads were sequenced and

screened for quality control, of which 17.2 million were used to assemble 91,486 trinity ‘genes’

and 100,319 transcripts, with a contig N50 of 787 bases. The BUSCO completeness was 74.5%

based on the metazoan database, which was on par with previously assembled parasitic

transcriptomes using similar approaches (Langeland et al. 2021; Ahmed et al 2021). The number

of raw reads across Tag-Seq samples ranged from 2.4 to 2.7 million raw reads, with 42 - 56% of

each sample pseudo-aligning within kallisto to the assembled transcriptome.

Our differential gene expression analysis identified 213 differentially expressed genes

between the free-living and parasitic life forms. 190 of these genes were up-regulated in the

free-living life form, while 23 were down-regulated. After analyzing the results of the BLAST

searches of these genes we linked hits to predicted gene function and determined that over half of

the differentially expressed genes did not recover any significant hits (Fig. 2). Of those with

possible gene functions, multiple were solely up-regulated in the free-living life form and further

characterized based on Gene Ontology annotations associated with the molecular function and

biological processes (Table 1), with multiple genes involved in actin binding, metal ion binding,

ATP binding, or calcium ion binding. Aside from the Gene Ontology analysis, we found several
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genes of interest based on protein descriptions that were upregulated in the free-living life form

and one in the parasitic life form. These genes have varying functions related to the

morphological transition from parasite to free-living (Table 2).

DISCUSSION

To our knowledge this is the first comparative transcriptomic analysis from an

endoparasitic annelid that exhibits such a sharp contrast in morphology in both their free-living

and parasitic life stages.  Our analysis indicates asexual reproduction is highly likely as only 213

differentially expressed genes were recovered from over one hundred thousand transcripts,

however, it is still unknown whether or not D. hylae ever reproduces sexually. These results

indicate that gene functions associated with these candidate transcripts likely play a key role

during this morphological transformation. Additionally, there was a large number of genes that

lacked any significant BLAST matches, indicating that there is much to learn about the transition

this parasite takes on multiple times throughout its life cycle as there are limited genomic

resources available to study this process. The functions for many of the genes that were

described had a wide variety of Gene Ontology designations within the Biological Processes and

Molecular Function domain, however, some patterns emerged that may link these genes to the

switch from free-living to parasitic.

Of the up-regulated genes in the free-living form, we found that several were linked to

rapid morphological change or development. One gene in particular, BBXB2

(TRINITY_DN66664_c0_g1_i1) produces the protein Bombyxin B-2, which regulates

metabolism and stimulates tissue growth in insects (Kawabe et al., 2019). Bombyxin has also

been shown to activate the production of ecdysone in insects by stimulating the prothoracic

gland. The production of ecdysone causes larval insects to begin their development into their
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adult stage (Iwami, 2000). While D. hylae is no insect, the presence of this gene that has been

linked to developmental changes and movements through the life cycle in other organisms

indicates that it likely has a shared function here and is potentially involved with signaling to D.

hylae when to make the switch from parasite to free-living.

Another gene that was up-regulated in the free-living life form of D. hylae was Cav-1,

which forms the protein Caveolin-1 (Table 2) This protein has been researched heavily as it is

associated with many different forms of cancer. Caveolin-1 regulates cellular metabolism, and in

cancer can influence tumor growth by halting apoptosis and encouraging metastasis (Nwosu et

al., 2016). Previous studies have confirmed Cav-1s involvement in cellular proliferation, which

makes sense in the context of our study as Cav-1 was up-regulated in free-living D. hylae,

suggesting that the presence of Cav-1 contributed to the growth of setae, digestive tract, and

caudal fossa within our samples (Boscher and Nabi, 2012).

There were 7 genes up-regulated in the free-living life form that was associated with

metal ion binding (Table 1). Specifically: Pan2, LINE-1 retrotransposable element ORF2 protein,

Troponin I, lig, ligA, Retrovirus-related Pol polyprotein from type-1 retrotransposable element

R2, and TC_0384 which is involved in GTP cyclohydrolase 1 type 2 homolog. None of the genes

up-regulated in the parasitic life form were associated with metal ion binding. This is relevant as

metal ion binding plays an important role in directing different processes such as cellular

differentiation (Leszczynski and Shukla, 2014). The presence of genes involved in metal ion

binding only within the free-living life form leads us to hypothesize that their involvement in

cellular differentiation aids D. hylae in the regrowth of free-living traits.
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Further, we found multiple genes involved in ATP binding up-regulated in the free-living

parasite samples (Table 1). ATP plays a crucial role in a number of biological pathways and

mechanisms such as signal regulations, DNA-binding, and enzyme activity. Specifically,

ATP-binding is involved in a number of metabolic processes as well as cellular motility, muscle

contraction, and membrane transport (Chauhan, 2009). Recent studies have found that

ATP-binding is involved in the translation or regulation of gene expression, DNA repair, and

serves as a physiological function in multiple protozoan parasites (Sauvage et al., 2009). In D.

hylae, eight genes associated with ATP-binding were up-regulated in the free-living form and

one gene associated with ATP-binding was up-regulated in the parasitic form. Although ATP and

ATP-binding have a variety of functions and involvement in cellular processes, their abundance

found in the free-living form of D. hylae is significant. The lack of ATP binding genes associated

with the parasitic form of D. hylae could suggest that the parasitic form does not require as many

mechanisms and pathways as the free-living form, resulting in a decreased amount of cell

differentiation and protein function. This large variation in genetic expression between

free-living and parasitic forms of D. hylae guides us to the idea that the presence of these genes

is associated with cellular differentiation when the regrowth of free-living traits occurs.

Four genes that were up-regulated in the free-living D. hylae were associated with

calcium ion binding (Table 1). Calcium ions and calcium bonding proteins are necessary to

maintain homeostasis and regulate numerous cellular functions. Previous studies have

determined that calcium ions are essential for host cell invasion in parasites that have an

intracellular life cycle, such as trypanosomatids (Docampo and Huang, 2015). It has also been

found that calcium ions function to regulate cell bioenergetics and aid in sensing the environment

in trypanosomatids (Docampo and Huang, 2015). Calcium-dependent protein kinases and
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calcium-mediated signaling are involved in a number of vital functions in apicomplexan

parasites, such as cell invasion, cell differentiation, protein secretion, and motility (Nagamune et

al., 2008). The association with calcium ion binding found in the free-living D. hylae, but not the

parasitic D. hylae, suggests that the free-living form of the parasite has a larger variety in cell

differentiation and function which could play a role in the morphological changes that occur.

We also found genes associated with actin-binding were highly up-regulated in the

free-living form, while no genes in the parasitic form were associated with actin-binding (Table

1). Previous literature has described how actin plays a role in other parasitic species. Some

parasites, such as Toxoplasma gondii, rely on the actin cytoskeleton to enter host cells while

some apicomplexan parasites, such as Plasmodium, employ their own actomyosin motor proteins

to enter host cells (Axisa et al., 2000). Understanding actin-binding and actin modulating

proteins in parasites are of great interest because it may suggest that actin-binding genes in the

free-living form of D. hylae are associated with cell movement and intracellular transportation,

which could be assisting in the growth of free-living traits.

Even further, three genes that encode for protein TAR1 were up-regulated in the

free-living form and one was up-regulated in the parasitic form of D.hylae. Multiple of the

identified genes encoded for protein TAR1 may be involved in the stabilization of mtDNA, the

regulation of mitochondrial gene expression, and the regulation of cellular respiration.

Overexpression of protein TAR1 has been determined to inhibit a respiration-deficient phenotype

in mitochondrial RNA polymerase in Saccharomyces cerevisiae (Coelho et al. 2002). This

suppression impacts the stability of mtDNA and mitochondrial gene expression. In addition,

other studies have identified a significant difference in the abundance and expression of protein

TAR1 in other parasitic species' life cycles. In the tick parasite, Theileria annulata, it was found
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that protein TAR1 is increased in the transcript levels during the differentiation of the parasite to

the merozoite stage but decreased in the piroplasm stage (Ingram, 1997). While the life cycle of

D.hylae remains unknown, it can be suggested that protein TAR1 may play a role in the

transformation of D. hylae due to the increased expression level found in the free-living form.

Two genes that were up-regulated in the parasitic D. hylae were associated with

ribosomal proteins S6 and S8. In a study on Plasmodium parasites, ribosomal protein S6 was

determined to regulate cell growth and the availability of glucose and lipids, which may aid in

the regulation of Plasmodium infection. It was suggested that Plasmodium parasites may be

selecting a favorable environment through selection or manipulation when developing within a

cell with high phosphorylation of ribosomal protein S6 (Glennon et al., 2019). The up-regulated

expression of ribosomal protein S6 may benefit the species in the parasitic form similarly to

ribosomal protein S6 in Plasmodium parasites.

While it is unknown exactly how all of these genes we identified within the two life

forms are related to the morphological transformation D. hylae undertakes, the discovery of the

extreme difference in genetic expression is a good first step to learning more about this process

and facultative parasites that go through similar transformations. We have uncovered multiple

genes that may be linked to this morphological change, however, over half of the genes we found

were not previously described, so it is likely these unknown genes also play a major role in this

transformation. In the future, as these genes are described we may be able to discern more about

how these genes correlate to the drastic morphological transformation in D. hylae and other

parasites.
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Table 1: Actin, Calcium, Metal Ion, and ATP Binding related genes and their average expression value (TPM) in free-living and
parasitic life forms.

FL avg P avg Description [E-value] Molecular Function

TRINITY_DN2962_c0_g1_i2 8.0 0 Parkin coregulated gene protein homolog [4.32E-106] actin binding Source: MGI

TRINITY_DN3747_c0_g1_i1 23.2 0 Troponin I [1.81E-26] actin binding Source: UniProtKB-KW

TRINITY_DN203_c0_g1_i1 9.6 0 Calmodulin [2.68E-16] calcium ion binding Source: InterPro

TRINITY_DN203_c0_g1_i1 9.6 0 Calmodulin [1.19E-05] calcium ion binding Source: InterPro

TRINITY_DN994_c0_g1_i1 10.8 0 Hematopoietic prostaglandin D synthase - chicken [3.59E-41] calcium ion binding Source: UniProtKB

TRINITY_DN65944_c0_g1_i3 6.9 0 PAN2-PAN3 deadenylation complex catalytic subunit PAN2 [0.39] metal ion binding Source: UniProtKB-KW

TRINITY_DN134_c0_g1_i7 10.7 0 LINE-1 retrotransposable element ORF2 protein [1.03E-11] metal ion binding Source: UniProtKB-KW

TRINITY_DN65944_c0_g1_i4 16.5 0 PAN2-PAN3 deadenylation complex catalytic subunit PAN2 [0.24] metal ion binding Source: UniProtKB-KW

TRINITY_DN3747_c0_g1_i1 23.2 0 Troponin I [1.81E-26] metal ion binding Source: UniProtKB-KW

TRINITY_DN491_c0_g1_i1 55.4 1.3 Probable DNA ligase [4.3] metal ion binding Source: UniProtKB-KW

TRINITY_DN274_c0_g1_i13 56.0 1.3 DNA ligase OS=Psychrobacter arcticus [4.5] metal ion binding Source: UniProtKB-KW

TRINITY_DN1525_c2_g1_i1 60.4 0 Retrovirus-related Pol polyprotein from type-1 retrotransposable
element R2 (Fragment) [0.072]

metal ion binding Source: UniProtKB-KW

TRINITY_DN150_c0_g2_i1 97.9 1.04 cyclohydrolase 1 type 2 homolog [1.4] metal ion binding Source: EcoCyc

TRINITY_DN90692_c0_g1_i1 11.9 0 Protein RecA [4.1] ATP binding Source: UniProtKB-UniRule

TRINITY_DN143_c0_g1_i5 15.3 0 Nucleoside diphosphate kinase [2.51E-77] ATP binding Source: UniProtKB

TRINITY_DN19388_c0_g1_i1 19.2 0 Glutamyl-tRNA(Gln) amidotransferase subunit A, mitochondrial
[2.4]

ATP binding Source: UniProtKB-KW

TRINITY_DN78008_c0_g1_i1 24.3 0 Cytochrome c biogenesis ATP-binding export protein CcmA [0.41] ATP binding Source: UniProtKB-KW

TRINITY_DN491_c0_g1_i1 55.4 1.3 Probable DNA ligase [4.3] ATP binding Source: UniProtKB-UniRule

TRINITY_DN547_c1_g1_i4 71 0 Protein adenylyltransferase Fic [0.13] ATP binding Source: UniProtKB-KW

TRINITY_DN22630_c0_g1_i1 71.5 0 ATP-dependent RecD-like DNA helicase [0.74] ATP binding Source: UniProtKB-UniRule

TRINITY_DN0_c5_g1_i4 82.1 0 Valine--tRNA ligase [3.7] ATP binding Source: UniProtKB-UniRul
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Table 2: Genes of notable function and their average TPM in both free-living and parasitic life forms.
FL avg P avg Description FUNCTION - GO MOLECULAR

TRINITY_DN66664_c0_g1_i1 152.8 1.2 Bombyxin B-2 growth factor activity Source: InterPro
hormone activity Source: UniProtKB-KW

TRINITY_DN492_c0_g1_i2 55.8 0 Caveolin-1 caveola assembly Source: InterPro
T cell costimulation Source: UniProtKB

TRINITY_DN10_c2_g1_i1 16571.8 38.1 Protein TAR1 Regulation of cellular respiration
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Figure 1: Photos depicting the morphological transformation D. hylae go through from their

parasitic (left) to free-living (right) distinct morphological life-history stages.
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Figure 2: Pie chart displaying the identified genes previously annotated by past research in both

the free-living and parasitic groups. Parasitic genes are denoted by light blue (known

descriptions of gene function) and dark blue (unknown gene function) while free-living genes are

denoted by dark green (known description of gene function) and light green (unknown

description of gene function).
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