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3.1  INTRODUCTION: UNICELLULAR The analysis of whole genomes from a wide Holozoa 

RELATIVES OF ANIMALS taxon sampling in a comparative framework has been useful 

to reconstruct the genetic content of their common ancestor 
All life on Earth has evolved from a common ancestor in (Sebé-Pedrós et al. 2017;  Grau-Bové et al. 2017;  Richter et al. 
a fascinating chain of events. One of the most pivotal steps 2018). These phylogenomic efforts have unveiled a unicellu
in the history of life was the transition from protists into lar ancestor of animals equipped with a much more complex 
multicellular animals. However, how exactly this transi- genetic repertoire than previously thought. One remarkable 
tion occurred remains unknown. The only way to unveil feature of the ancestor genome is that despite of being uni
this process is by studying the unicellular relatives of cellular, it already contained many genes whose function is 

eral unicellular lineages (known as unicellular Holozoa): genes are  integrins and  cadherins, which are directly related 
Choanoflagellatea (King 2005), the Filasterea (Shalchian- to cell adhesion;  tyrosine kinases that mediate signaling in 
Tabrizi et al. 2008), the Ichthyosporea (Mendoza et al. 2002) the context of cell-to-cell communication; and several tran
and the Corallochytrea/Pluriformea (Torruella et al. 2015; scription factors involved in development or proliferation 
Hehenberger et al. 2017) (Figure 3.1). such as runX, nf-κ or myc (Abedin and King 2010;  Suga 

animals. The Holozoa clade comprises animals and sev- directly related to multicellular structures. Examples of such 
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FIGURE 3.1 Availability of genetic tools for unicellular relatives of animals. Genetic tools are present for each of the lineages of unicel

lular Holozoa:  Salpingoeca rosetta (Choanofl agellatea), Capsaspora owczarzaki (Filasterea),  Creolimax fragrantissima and  Abeoforma 
whisleri (Ichthyosporea) and  Corallochytrium limacisporum (Corallochytrea/Pluriformea). Symbols represent transfection techniques 

(electroporation or chemical-based transfection), selection agent, genome editing technique (CRISPR-Cas9) and genome integration. 

(Phylogenetic tree adapted from  Grau-Bové et al. 2017; López-Escardó et al. 2019;  Hehenberger et al. 2017.) 

et  al. 2012;  Sebé-Pedrós et al. 2017;  Richter et  al. 2018). 

After the initial studies centered in genome content, the 

next question was to understand if the genome of unicellular 

holozoans contained some of the features of the regulatory 

and architectural genome organization observed in Metazoa. 

Remarkably, genome organization and some epigenetic sig

natures are present in at least one filasterean, suggesting that 

they were already present in the genome of the unicellular 

ancestor (Sebé-Pedrós et al. 2016). Furthermore, since their 

isolation, different unicellular holozoans have been culti

vated, allowing for the first observations and descriptions of 

some of their stages and cellular characteristics (Marshall 

et  al. 2008;  Fairclough et al. 2010;  Marshall and Berbee 

2011; Sebé-Pedrós et al. 2013, 2017;  Torruella et al. 2015; 

Grau-Bové et al. 2017;  Tikhonenkov et al. 2020a). From these 

studies, we have learned that the four unicellular holozoan 

lineages are diverse not only in their morphology but also 

in their developmental modes. Interestingly, in all lineages, 

there are examples of temporary “multicellular” structures 

during their life cycle (Figure 3.2). Choanoflagellates are able 

to form colonies through clonal division (Fairclough et al. 

2010;  Dayel et  al. 2011), the fi lasterean Capsaspora owc
zarzaki can form cell aggregation (Sebé-Pedrós et al. 2013) 

and several ichthyosporeans have a multi-nucleate coeno

cytic stage that resembles the embryonic coenocyte of some 

animals (Suga and Ruiz-Trillo 2013a ;  Ondracka et al. 2018; 
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Dudin et al. 2019). Finally, Corallochytrium limacisporum, 

one of the two representatives of Corallochytrea, combines 

two different ways to proliferate: through binary fi ssion or 

through a multi-nucleated coenocyte (Kożyczkowska et al. 

2021). 

The data generated so far on these unicellular relatives 

of animals suggest they are key to understanding the evo

lution from unicellular organisms to multicellular animals. 

However, we need to go beyond what the genomes tell us and 

look more particularly at functional analyses, and research 

efforts in this direction have begun. Genetic tools have been 

developed for a handful of unicellular holozoans (Figure 

3.1), opening the possibility to experimentally test, in a com

parative framework, some of the evolutionary hypotheses  

that the phylogenomic studies have put on the table. In this 

chapter, we provide a broad description of the general char

acteristics of each unicellular holozoan lineage, followed by 

detailed description of the taxa that have been developed  

into experimentally tractable organisms. We highlight, as  

well, their particularities and emphasize the most important 

optimization steps in the different protocols (Figure 3.3). 

The aim is to provide an updated reference for the state of 

the art of the methods available for the different unicellular 

relatives of animals. 

3.2  CHOANOFLAGELLATA

 Choanoflagellates are the sister-group to animals (Figure 3.1). 

There are around 360 species of choanofl agellates described 

to date, representing a considerable amount of biodiversity  

in life forms (King 2005). Choanoflagellates are bacterivo

rous, and they are commonly found in both freshwater and 

marine environments (Dolan and Leadbeater 2015). A typi

cal choanoflagellate cell is composed of a single apical fl agel

lum that is surrounded by a collar of microvilli. The currents 

created by the flagellum help drive bacteria into the collar, 

where they are phagocytized (Clark 1866; Pettitt et al. 2002). 

Their morphology and their feeding behavior are also found 

in the choanocytes, a highly specialized cell type in sponges. 

These similarities have historically inspired theories of a close 

evolutionary relationship between animals and choanofl agel

lates (Clark 1866;  Maldonado 2004;  Nielsen 2008). However, 

several phylogenomic analyses point to the fact that these 

similarities are likely the result of convergent evolution and 

not shared ancestry (Mah et al. 2014;  Sogabe et al. 2019). 

Phylogenetic analyses divide choanoflagellates in two major 

clades, Craspedida and Acanthoecida (Carr et al. 2008;  Dolan 

2015; Paps et al. 2013). Accordingly, both clades show different 

outer morphologies. In general terms, craspedids form organic 

coverings which can include a thecate (a vase-like capsule) or 

a glycocalyx (Leadbeater et al. 2009), and acanthoecids are the 

species that possess an inorganic extracellular covering made 

of siliceous material known as the lorica (Carr et al. 2008). 

Monosiga brevicollis and  Salpingoeca rosetta, both 

belonging to the Craspedida, are the two better-known cho

anoflagellates (Figure 3.1) (King et al. 2008;  Fairclough 

et al. 2013). The study of the genome of these two species 

revealed that they contain genes considered animal specifi c 

or involved in multicellular functions, as we will see for  

other unicellular holozoans (see next sections). Especially 

intriguing is the presence of synaptic proteins, even though 

they lack the animal-like mechanism of synapsis ( Ryan and 

Grant 2009;  Burkhardt et al. 2014). Those genomes also 

encode genes involved in forming multicellular structures 

such as the ones involved in cell adhesion and cell-to-cell  

communication, such as cadherins or tyrosine-kinase signal

ing, for example (Hoffmeyer and Burkhardt 2016;  Burkhardt 

et al. 2014). Interestingly, these sets of genes are found in 

both species independently of their capacity to form multi

cellular structures, since  S. rosetta is able to form colonies 

by clonal division (Figure 3.2a  and next section), while  M. 
brevicollis is unicellular throughout its life cycle. 

Another important result from the study of the genome 

of M. brevicolis and  S. rosetta is that they are evolutionarily 

close, show low genetic diversity and have retained the few

est ancestral gene families in comparison with the other cho

anoflagellate genomes now available (Richter et al. 2018). 

3.2.1  SALPINGOECA ROSETTA 

So far, efforts to develop a choanoflagellate into an experi

mentally tractable system have focused on  S. rosetta. S. 
rosetta presents several advantages among other choano

flagellates to be developed as a new model organism: it has 

a well-annotated genome and a colonial stage. Moreover, 

the mechanisms of colonial formation are well understood 

(Booth et al. 2018;  Wetzel et al. 2018;  Booth and King 2020). 

Salpingoeca rosetta , first known as  Proterospongia sp., was 

isolated from a marine sample in the form of a colony ( King 

et al. 2003). The colonies are formed by serial mitotic divi

sions starting from a single founding cell, which grows into a 

spherical multicellular structure resembling a rosette (Figure 

3.2a) (Fairclough et al. 2010). Interestingly, it has been shown 

that inside a colony, there are differences between cells con

cerning their nuclei volume and conformation, the number 

of mitochondria or cell shapes named afterward  chili or car
rot cells (Naumann and Burkhardt 2019). These differences 

among the cells of the colony suggest that there might be spa

tial cell differentiation in those rosette colonies. Cells inside 

a rosette seem to hold to each other by cytoplasmic bridges, 

filopodia and extracellular matrix (ECM; Dayel et al. 2011; 

Laundon et al. 2019). Although, as mentioned previously, 

the rosette conformation was the original form in which  S. 
rosetta was isolated from the ocean, soon cultured rosettes 

became infrequent and difficult to control under laboratory 

conditions, and the single cell became the main form of  S. 
rosetta in in vitro cultures. Later, experiments of incubation 

of S. rosetta together with high densities of  Algoriphagus 
machipongonensis, the bacteria with which  S. rosetta was 

co-isolated from the ocean, recovered the formation of 

rosettes. Further investigations discovered that this phenom

enon was induced by a lipid, renamed rosette inducing fac

tor (RIF;  Alegado et al. 2012;  Fairclough et al. 2010;  Dayel 



52 

et al. 2011;  Woznica et al. 2016 ). In parallel, a forward genetic 

screen for mutants unable to form rosettes allowed for the 

identification of a genetic factor in  S. rosetta, which could 

be linked to the rosette phenotype. The recovered  rosetteless 
mutant encoded a C-type lectin and was not able to develop 

rosettes in spite of being exposed to RIFs (Levin et al. 2014). 

Although it is not yet fully understood by which molecular 

mechanism the C-type lectin establishes the relevant interac

tions, it has been hypothesized that the function of the C-type 

lectin is related to an interaction with the ECM (Levin et al. 

2014). Interestingly, colony formation is not the only stage 

in S. rosetta’s life cycle governed by bacteria. For instance, 

Woznica, Gerdt and collaborators discovered that the bac

teria Vibrio fischeri was able to induce sexual behavior in  

S. rosetta through a secreted product that was conveniently 

labeled EroS (Woznica et al. 2017 ). Interestingly, EroS was 

biochemically identified as a chondroitin lyase. This enzyme 

is able to digest chondroitin sulfate and initiate mating, bear

ing some similarities to sperm digestion of the egg cover in 

animal reproduction (Miller and Ax 1990). 

Under conditions promoting fast growth,  S. rosetta is able 

to form yet another multicellular form different from the 

rosettes. Linear colonies consist of a chain of cells attached 

to each other and connected by intercellular bridges and 

ECM (Figure 3.2a) (Dayel et al. 2011). In the case of single 

cells, S. rosetta can acquire three different forms, which 

besides its morphology also present a specific behavior: fast 

swimmers, slow swimmers and thecate cells. The main dif

ference between the different forms of single cell types is 

the presence of the theca in thecate cells, which consists of a 

vase-like capsule composed of ECM. All forms of  S. rosetta 
have a flagellum that is used for swimming and orienting the 

colony, and fast swimmers and rosette colonies also have 

thin filopodia (Dayel et al. 2011). 

Regardless of the availability of genetic tools, S. rosettacould 

already be considered an emerging model system because sub

stantial information on its biology had already been obtained. 

The rosetteless mutant had been isolated by a forward genetic 

screen aiming to isolate defective mutants in rosette develop

ment (Levin and King 2013;  Levin et al. 2014). Moreover, spe

cific culture conditions were developed to obtain and enrich for 

each of the different life forms of S. rosetta (Dayel et al. 2011), 

and, finally, by the co-cultivation with specific bacteria, mating 

could be induced (Woznica et al. 2016;  Woznica et al. 2017). 

Nevertheless, tools for direct genetic manipulation, which 

would allow us for example to fluorescently tag specifi c pro

teins to study their localization and dynamics or to knock out 

target genes, were missing. In recent years, Dr. Nicole King’s 

research group has successfully developed transfection, selec

tion and genome editing for  S. rosetta, overcoming these limi

tations. In the following sections, we will briefly summarize the 

main steps of these achievements. 

3.2.1.1  Transfection and Selection 
The transfection protocol for  S. rosetta is based on the 

Nucleofection technology, developed by Amaxa (Lonza 

Cologne AG group) (Figure 3.3a). Nucleofection is a 

Emerging Marine Model Organisms 

specialized electroporation-based transfection technol

ogy engineered to transfer the DNA into the nucleus. This 

technique proved successful in S. rosetta, which can now 

be transiently transfected with an average efficiency of 1%, 

similar to what has been achieved in other protists (Janse 

et al. 2006;  Caro et al. 2012). 

In order to understand the significance of each optimiza

tion step, Booth et al. sequentially eliminated them one at a 

time and monitored the change in efficiency (Figure 3.3a). 

For example, the addition of pure and highly concentrated 

carrier DNA (empty plasmid, such as  pUC19), in combi

nation with the plasmid of interest, was key to optimize  S. 
rosetta transfection, as observed in other unicellular holo

zoans (Faktorová et al. 2020; Kożyczkowska et al. 2021). 

A second key step to boost transfection in  S. rosetta was 

priming the cells with a buffer that contains a combination 

of a protease, a reducing agent, a chelator and a chaotrope 

(Booth et al. 2018). This specific buffer was key in break

ing down the extracellular coat and signifi cantly improved 

the uptake of transfected DNA into the cell. Even though 

the extracellular coat is specific for this choanofl agellate, 

it could be of inspiration for those working on organisms 

that also possess an extracellular coat or wall, which usually 

hampers transfection effi ciency. 

One of the first applications of the developed transfection 

in S. rosetta by Dr. Booth and collaborators was the study 

of the localization of two  septin orthologues,  SrSeptin2 and 

SrSeptin6 (Booth et al. 2018). Septins are a multigenic fam

ily involved in highly conserved functions such as cell divi

sion (Neufeld and Rubin 1994) but also more specialized 

functions in multicellular organisms at the level of intracel

lular junctions and the maintenance of polarity in an epithe

lium (Spiliotis et al. 2008;  Kim et al. 2010). The study of the 

involvement of septin orthologues of S. rosetta in these lat

ter roles can help us understand the contribution of Septins 

in the evolution of the epithelia before the onset of animals. 

Finally, at the same time as the study of Septins in S. 
rosetta, the newly developed transfection technique also 

proved significant for the characterization of additional 

rosette defective mutations (Wetzel et al. 2018). In addition, 

in this study, researchers went one step further by applying 

selection with the antibiotic puromycin. Selection is very 

useful in order to enrich the population in a greater propor

tion of transfected cells  Figure 3.3a) (Wetzel et al. 2018). A 

public protocol for transfection and selection of  S. rosetta 
is available at Protocols.io; dx.doi.org/10.17504/protocols. 

io.h68b9hw 

3.2.1.2  Plasmids 
As a first step to develop transient transfection, researchers 

cloned putative endogenous promoters from the  elongation 
factor 1, ef1, -actin, act, -tubulin, tub and  histone H3 
genes from  S. rosetta. Two different reporter genes,  nanoluc 
(monitored through a luciferase assay) and  mwassabi (moni

tored through expression of green fluorescence), were cho

sen to test the newly cloned promoters and used to fi ne-tune 

the transfection protocol (Booth et al. 2018). 

https://dx.doi.org/10.17504/protocols.io.h68b9hw
https://dx.doi.org/10.17504/protocols.io.h68b9hw
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Besides the battery of transfection plasmids generated to 

monitor transfection carrying the previously mentioned pro

moters and reporter genes, researchers engineered plasmids 

targeting key subcellular structures for future studies on the 

cell biology of choanoflagellates. With this purpose, they 

fluorescently tagged the filopodia, cytoskeleton, endoplas

mic reticulum, plasma membrane, mitochondria, cytoplasm 

and nuclei, using specific commercial, highly conserved 

peptides and protein sequences, known to localize in these 

cellular compartments (Booth et al. 2018). 

Septin orthologues were visualized by the expression of 

plasmids containing SrSeptin2 and  SrSeptin6 fused to the 

fluorescent reporter mTFP1 (Ai et al. 2006 ) under the actin 

promoter. 

Finally, from all of the plasmids available for transfection 

in S. rosetta, we want to highlight the possibility of includ

ing the puromycin-resistant gene  pac in order to select for 

puromycin-resistant cells (de la Luna S et al. 1988), since 

wild type S. rosetta shows certain susceptibility to this anti

biotic (Wetzel et al. 2018). 

3.2.1.3  Genome Editing; CRISPR-Cas9 
Engineering genome editing from de novo requires not only 

designing the biochemical strategy that will most likely 

work in the chosen organism but also, and very importantly, 

pinpointing a good target. The ideal target should, once 

being edited in the transfected cells, give a phenotype that 

would allow further selection of those cells that have been 

genetically modified; antibiotic resistance or susceptibility 

is especially useful in this case. To illustrate this concept, we 

can take as an example the first attempts in genome editing 

in S. rosetta (Booth and King 2020). The fi rst approach for 

using the developed CRISPR/Cas9 tools for  S. rosetta was 

to introduce a mutation to the  rosetteless gene, which had 

been isolated by a forward genetic screen (see previously) 

and encodes a C-type lectin protein that is involved in the 

formation of the rosette phenotype (Levin et al. 2014). The 

unsuccessful outcome of this first approach was likely due 

to a low efficiency of the genome editing procedure, which 

even if it worked correctly could not be detected. A solu

tion to overcome this obstacle is to be able to select the few 

events of edited cells in the transfected culture by enriching 

successively in positively transfected cells. Booth and col

laborators engineered an alternative CRISPR/Cas9 strategy 

to confer cycloheximide resistance as an initial step and, in 

this manner, optimizing the genome editing protocol in  S. 
rosetta. 

In terms of the molecular reagents needed for CRISPR/ 

Cas9, the researchers decided to use a ribonucleoprotein 

(RNP) composed of the expressed Cas9 of Streptomyces 
pyogenes together with the in vitro–produced single guide 

RNAs, sgRNA, to direct SpCas9 to the nicking position. 

There is a double advantage of using an RNP instead of 

plasmids for the expression of the different components 

involved in the editing: on one hand avoiding the necessity 

of having an endogenous RNA polymerase III promoter in 

order to express the sgRNAs and on the other avoiding the 

possible cytotoxicity and off-target problems from uncon

trolled Cas9 protein expression (Jacobs et al. 2014;  Jiang 

et al. 2014;  Shin et al. 2016;  Foster et al. 2018;  S. Kim et al. 

2014;  Liang et al. 2015;  Han et al. 2020). Moreover, parallel 

to transfecting the RNP, a DNA repairing template should be 

added if the desired mutation is other than a deletion. In the 

case of  S. rosetta, Booth and collaborators discovered that 

S. rosetta was able to use a variety of different templates, 

single and double strand. The addition of the repair template 

also improved genome editing efficiency. The percentage of 

genome editing was very similar to transfection effi ciency, 

pinpointing the transfection technique as the limiting factor 

(Booth and King 2020). Nevertheless, if a good selection 

strategy exists, the edited cells should be effi ciently recov

ered with this transfection rate with no diffi culty. 

S. rosetta is the first unicellular holozoan to be genome 

edited. The protocol developed by Dr. Booth and collabora

tors represents a technical breakthrough that will undoubt

edly enhance the possibilities to perform functional studies in 

this organism. Needless to say, the advances in S. rosetta have 

and will keep inspiring the development of genetic tools and 

genome editing approaches in other closely related lineages. 

3.2.2  PROSPECTS 

There is no doubt that the technical advances that we have 

here reported for  S. rosetta will open new venues to func

tional approaches that had been hampered until now. We  

would also like to stress the importance of this organism  

beyond now being a genetically tractable organism. The 

importance of S. rosetta to address the origin of metazo

ans has already been broadly explained (Richter et al. 2018). 

Moreover, the highly organized and structured rosette colo

nies provide researchers with an ideal model to understand 

the origins of spatial cell differentiation (Naumann and 

Burkhardt 2019). Finally, the demonstrated infl uence of 

specific interactions with bacteria on essential life events or 

the transition to multicellular stages of S. rosetta provides a 

unique opportunity to study the interactions between bacte

ria and eukaryotes (Woznica et al. 2016,  2017). 

3.3  FILASTEREA 

Filasterea is one of the latest lineages of unicellular holozo

ans that has been described to date. Filasterea is the sister 

group to Choanoflagellata and Metazoa, all together forming 

the Filozoa clade (Shalchian-Tabrizi et al. 2008;  Torruella 

et al. 2012,  2015) (Figure 3.1). 

There are five species known to belong to Filasterea: 

Capsaspora owczarzaki, Ministeria vibrans, Pigoraptor 
vietnamita, Pigoraptor chileana and the recently described 

and potentially fi lasterean Tunicaraptor (Figure 3.1 ) 

(Owczarzak et al. 1980b;  Hehenberger et al. 2017;  Parra-

Acero et al. 2018;  Tikhonenkov et al. 2020b). Besides 

the endosymbiont C. owczarzaki, the fl agellated species 

Pigoraptor vietmanita and  Pigoraptor chileana are preda

tory (Hehenberger et al. 2017;  Tikhonenkov et al. 2020a), 
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FIGURE 3.2 Models of the life cycle of unicellular relatives of animals. (a) Salpingoeca rosetta, (b)  Capsaspora owczarzaki, (c)  Creolimax 
fragrantissima, (d)  Corallochytrium limacisporum. Arrows depict observed and inferred transitions between life stages partially 

described in the main text. Life cycles of unicellular holozoans are diverse but share an important feature: a temporary multicellular-like 

stage resembling those present in animals (multicellular-like stage indicated with *). 

and  Ministeria vibrans is a free-living heterotroph (Tong 

1997;  Cavalier-Smith and Chao 2003;  Shalchian-Tabrizi 

et  al. 2008). Filastereans have been isolated from both  

marine an fresh water environments. For instance,  M. 
vibrans has been isolated from samples of marine coastal  

waters. It has been successfully grown in the laboratory but 

only in the presence of bacteria, making investigations more 

diffi cult. M. vibrans is a spherical amoeboid (aprox. 4  m) 

with a stalk falgellum, surrounded by fine and long radiating 

arms of equal length (Torruella et al. 2015), making a char

acteristic vibrating movement before attaching to a substrate 

(Cavalier-Smith and Chao 2003). Interestingly, it has been 

described that this species is capable of forming aggregative 

cell clumps (Mylnikov et al. 2019). 

Pigoraptor vietnamica and Pigoraptor chileana are two 

filasteran species isolated from freshwater environments 

(Hehenberger et al. 2017). Both species have an elongated-oval 

shape with an average size of 5–14 m long, have predatory 
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behavior and display a very similar life cycle. A detailed 

description of their complex life cycle can be found in the work 

done by Tikonhenko et al. (2020a). We would like to highlight 

that both Pigoraptor species can aggregate during their life 

cycle, as has been described for  M. vibrans as well as for the 

best-studied fi lasterean, C. owczarzaki (see the following). 

3.3.1 CAPSASPORA OWCZARZAKI 

First reports of C. owczarzaki appeared from investigations 

on the susceptibility of the fresh-water snail  Biomphalaria 
glabrata to be infected by the parasite  Schistosoma man
soni. Studying the possible factors underneath the resis

tance to infection, Stibbs and collaborators isolated a small 

amoeba of 3–5  m in diameter from pericardium and mantle 

explants from three different strains of B. glabrata, two of 

them resistant to  Schistosoma infection (Stibbs et al. 1979). 

The ability to grow C. owczarzaki in axenic cultures allowed 

researchers to test the interaction between the amoeba and 

the parasite. These works demonstrated that  C. owczarzaki 
amoebas were able to adhere to and kill the sporocists of S. 
mansoni, resulting in a high proliferation of C. owczarzaki. 
H. Stibbs and A. Owczarzaki were the first ones to describe 

C. owczarzaki and set the initial culture conditions. 

The initial stage of the life cycle of  C. owczarzaki consists 

of crawling filopodiated amoebas that grow exponentially. 

Once the culture is saturated and nutrients become limit

ing, amoebas retract their filopodia and encyst in a round 

and compact cell, and their growth stabilizes. At this point, 

encysted cells can attach to each other, forming compact 

cell aggregates of different sizes (Figure 3.2b).  C. owczar
zaki cell aggregates can happen spontaneously or can also be 

induced by agitation with specific parameters (Sebé-Pedrós 

et al. 2013). Most importantly, electron microscopy analyses 

revealed that cells in the aggregates are glued together by 

cohesive extracellular material, which provides the aggre

gate with consistency but keeps cells individually separated. 

RNA-seq analyses demonstrated an upregulation of the  

expression of key genes involved in cell-to-cell communica

tion and cell adhesion, such as the tyrosine kinase signaling 

pathway and the integrin adhesome (Sebé-Pedrós et al. 2013). 

The study of C. owczarzaki has not only provided knowl

edge about its biology but also about the wider question of 

animal origins. For example, analysis of its genome revealed 

several genomic features previously thought to be animal spe

cific (Suga et al. 2013;  Sebé-Pedrós et al. 2017).  C. owczarzaki 
contains a complete integrin adhesome necessary to mediate 

the interaction between the cell and the ECM (Suga et al. 2013; 

Parra-Acero et al. 2020). Moreover,  C. owczarzaki also con

tains a set of proteins, including transcription factors (TFs), 

known to be involved in developmental pathways in animals; 

NF-κb, Runx and T-box; and others involved in cell motility 

and proliferation such as Brachyury and MYC (Mendoza and 

Sebé-Pedrós 2019). Additionally, components of different sig

nal transduction pathways have an unexpected conservation, 

with examples such as JAK-STAT, Notch, TGFβ or tyrosine 

kinases in general (RTKs) (Suga et al. 2012). 

It is clear that C. owczarzaki was an ideal species to be 

developed into a genetically tractable organism in order to 

further investigate the different hypotheses drawn from the 

genomic content and signatures, as well as to plunge into 

the terrain of cell biology to enrich the investigations of the 

evolutionary path shared among holozoans. 

3.3.1.1 Transfection 
 The fi rst attempts to transfect a new organism fail the vast 

majority of times. For  C. owczarzaki, the fi rst protocols 

to be tested were based on different technologies such as  

electroporation, magnetofection and lipid-based transfec

tion methods. However, these tests yielded either no posi

tive cells or very low transfection effi ciencies, hampering 

reproducibility (Suga and Ruiz-Trillo 2013;  Ensenauer et al. 

2011;  Parra-Acero et al. 2018). The technology that ended 

up being efficient enough to be further optimized into a reli

able transfection protocol was the classical calcium phos

phate precipitation method (Figure 3.2b) (Graham and van 

der Eb 1973). Here we highlight the steps that turned out 

to be crucial to improve the efficiency of the transfection 

protocol (Parra-Acero et al. 2018). One of the factors that 

is important to maximize efficiency is to use cells at the 

exponential growth phase. The stage in which  C. owczar
zaki is growing exponentially is the adherent stage. Cells 

from a fresh culture at 90/95% confluence from the adher

ent stage were the ones with higher transfection effi ciency. 

The size of the crystals from the DNA and the precipitates 

of calcium phosphate also proved important to improv

ing the efficiency of transfection. The authors determined 

that the smaller the crystals, the better, as shown for other 

organisms such as D. discoideum (Jordan and Wurm 2004; 

Gaudet et al. 2007). In order to achieve a smaller crystal 

size, it is important to keep the same ratio for DNA/calcium 

and phosphate when preparing the DNA mix to transfect. 

The stability of the DNA/calcium ratio once the DNA mix 

was added to the media also depended on the amount of 

phosphate in the transfection media, which also needed to 

be taken into account. Similarly, the pH of the fi nal solution 

should be controlled to avoid changes in the solubility of the 

precipitates. The last touch to further improve transfection 

efficiency was to expose cells to an osmotic shock, which 

would permeate the cell membrane for a short period of 

time. This technique is also used in a variety of eukaryotic 

cells with the application of glycerol or DMSO (10–20%) 

(Grosjean et al. 2006;  Gaudet et al. 2007;  Guo et al. 2017). 

In the case of  C. owczarzaki, a 10% glycerol shock dur

ing one minute was good enough (Figure 3.3b). Finally, as 

in any transfection protocol, it is important to be able to  

identify those cells where the DNA has successfully entered 

the nucleus and is being expressed. The identifi cation of 

transfected cells can be done by enriching the transfected 

population using an antibiotic or a specific drug to which 

wild type cells (non-transfected cells) are susceptible or 

by inspecting the expression of a fluorescent protein using 

fluorescence microscopy. Because C. owczarzaki seems to 

be resistant to different antibiotics, pesticides or cytostatic 
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drugs that are commonly used for selection, the initial plas

mids that were designed and transfected into  C. owczar
zaki contained genes encoding small fl uorescent proteins. 

These fluorescent proteins, such as mVenus and mCherry, 

were expressed in the cytosol of transfected cells. Besides 

the microscopy observations, efficiency of transfection was 

also analyzed using flow cytometry by comparing the popu

lation of transfected cells with cells from a negative control 

population. Note that it is important to take into account the 

possible phenomenon of auto-fluorescence for some types 

of cells. Efficiency of transfection was on average around 

1.132% ± 0.529 (mean ± s.d.), which might seem low for 

researchers working with transfection in other eukaryotic 

systems, but it is sufficient to efficiently further select trans

fected cells and proceed with downstream experiments 

(Parra-Acero et al. 2018). 

Co-transfection is known to increase efficiency of the 

transfection per se, and it is also very useful in order to 

deliver two different constructs simultaneously. Dr. Parra-

Acero and collaborators tested in which proportion two 

different plasmids were uptaken by the cells when co-trans

fected in order to use co-transfection to visualize simultane

ously more than one subcellular structure. Co-transfection 

resulted, with a rate of incorporation of both constructs 

almost equally (72.909% ± 5.468) in C. owczarzaki ( Parra-

Acero et al. 2018). 

Although stable transfection has not yet been developed 

in Capsaspora, plasmids delivered by transient transfection 

were shown to be expressed inside the cells for up to ten 

days. The life cycle of  Capsaspora is much shorter than ten 

days, and therefore this protocol allows for the interrogation 

of the reporter expression at the different life stages of the 

organism. 

3.3.1.2 Plasmids 
The reporter plasmids (pONSY-mVenus and pONSY-mCherry) 

for optimizing transfection and calculating effi ciency were 

already designed using the endogenous promoter and ter

minator sequences of the elongation factor 1-α gene (EF1-α) 

of Capsaspora (Parra-Acero et al. 2018). Besides the engi

neered plasmids to visualize the cytosol, the researchers went 

one step further in order to get insights into the cell biology 

of this species. For this reason, they designed plasmids to  

fluorescently label the different subcellular structures. For 

example, the endogenous histone 2B (H2B) gene was fused 

to mVenus to highlight the nucleus (pONSY-CoH2B:Venus), 

and the plasma membrane was visualized by cloning the 

N-myristoylation motif (NMM) of the endogenous Src2 

tyrosine kinase gene, which is known to localize at mem

branes and filopodia (pONSY-CoNMM:mCherry) (Sigal et 

al. 1994;  Parra-Acero et al. 2018). Finally, in order to visual

ize the cytoskeleton, a small peptide (17 amino acid) named 

lifeAct known to bind filamentous actin (Riedl et al. 2008) 

was fused to mCherry (pONSY-Lifeact:mCherry) to visual

ize the actin cytoskeleton and filopodia of transfected cells. 

Detailed observations using confocal microscopy of single 

and co-transfected  C. owczarzaki cells with these plasmids 
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revealed the targeted structures explaining, among others, 

the hollow basket structure from the actin bundles around 

the cell body or the dynamics of the filopodia along the dif

ferent life stages (Parra-Acero et al. 2018). 

3.3.2 PROSPECTS 

C. owczarzaki, in addition to its key phylogenetic position, 

its well-annotated genome and the number of “multicel

lular” genes its genome encodes, is also able to form cell  

aggregates during its life cycle (Figure 3.2b), making it an 

ideal organism to analyze the origin of animals. 

Finally, the fact that this organism is able to attack and 

feed on S. mansoni sporocysts (Stibbs et al. 1979;  Owczarzak 

et al. 1980a) also makes it a potential candidate for disease-

control strategies, even though the specific interaction of 

C. owczarzaki with the snail  B. glabrata remains unclear. 

Interestingly, C. owczarzaki exhibits high resistance to 

antibiotics and harsh mediums, suggesting its potential in 

medical applications in the case that was fi nally selected to 

control schistomiasis (Parra-Acero et al. 2018). 

3.4  ICHTHYOSPOREA 

Ichthyosporea is the sister-group to Corallochytrea, as well 

as to the Filozoa (Choanoflagellata, Filasterea and Metazoa) 

(Mendoza et al. 2002). All described ichthyosporeans are 

osmotrophs and have multiple life stages that vary greatly  

in shape and motility and in most cases contain a cell wall 

of variable composition. The developmental mode of  ich
thyosporeans is complex and contains multinucleated stages 

such as a coenocyte (Figures 3.1  and  3.2c). 

Ichthyosporeans received this name because the early 

identified representatives were all parasites of fi sh (Cavalier-

Smith 1998). Later phylogenomic analyses of rDNA with  

newer representatives expanded the group in two internal 

classes, the  Dermocystida, which are exclusively parasites 

of vertebrate hosts, and the  Ichthyophonida, which can 

parasitize a variety of host species (Mendoza et al. 2002; 

Marshall et al. 2008). In accordance with their habitat, only 

representatives of Ichthyophonida can be cultured in labora

tory conditions (Jøstensen et al. 2002;  Marshall et al. 2008). 

Interestingly, the motile representatives of Dermocystida 
are equipped with a flagellum, while the  ichthyophonids are 

motile amoebas. Maybe related, it has been shown by electron 

microscopy studies that representatives of  Ichthyophonida 
have a spindle pole body (Marshall et al. 2008), which 

would nicely correlate with the disappearance of centrioles 

and the flagellum as a consequence (Marshall and Berbee 

2011). On the other hand, centrioles have been described for 

members of Dermocystida such as Dermocystidum percae 
(Pekkarinen 2003). In the coming years, further investiga

tions on other key biological questions will be possible once 

experimentally tractable organisms will be developed for 

both subclasses. For instance, investigations on the micro

tubule organizing centers and the nature of the mitosis 

(whether it is open, closed or somewhere in between) would 
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FIGURE 3.3 Schematic diagram of transfection protocols among unicellular relatives of animals. Basic steps have been illus

trated. Key steps for electroporation-based techniques: pre-washing the remaining growth medium and addition of carrier DNA to 

the DNA of interest; for  S. rosetta and  C. owczarzaki, cells are primed for a higher membrane permeability. For calcium phosphate 

protocol: crystal size formation (ratio of DNA/CaCl2) and an osmotic shock. For each transfection protocol, cells have been at the 

exponential growth phase (mid-log). Drug selection and stable transfection have been achieved in two organisms:  Salpingoeca rosetta 
and  Corallochytrium limacisporum. Additionally,  C. limacisporum can be grown on an agar plate, allowing for single clone isolation. 
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be of great interest and could provide further insights on the 

evolutionary history of both subclasses. 

3.4.1  ABEOFORMA WHISLERI 

A. whisleri was isolated from the digestive track of the fi lter

ing mussel  Mytilus (Figure 3.1) (Marshall and Berbee 2011). 

In culture, A. whisleri grows axenically in artifi cial Marine 

Broth (MB; GIBCO) at 13C. Cultures can be seeded at low 

density 104/mL and reach confluence in approximately two 

weeks. 

A. whisleri presents a vast myriad of cell shapes, which 

makes it difficult to reconstruct a possible life cycle from 

simple optical microscope observations. In a regular  A. 
whisleri culture, one can observe mobile amoebas of differ

ent shapes, hypha-like stages, plasmodia cell shape, cells of 

different length and bigger and rounder multinucleated cells 

that correspond to coenocytes. Through live observations, 

researchers have witnessed the release of amoebas from the 

rounded coenocytic cells as well as vegetative reproduction, 

which can take place from sporadic budding of the plasmo

dium. For a thorough description of different cell shapes of 

A. whisleri, see  Marshall and Berbee (2011). 

All forms  of A. whisleri cells are quite delicate even 

though it has been reported that all of them have a cell  

wall (Marshall and Berbee 2011). Interestingly, embedded  

membrane-bound microtubules (MBTs) were described for 

several of the morphologically different forms of  A. whisleri 
cells. MBTs could be instrumental for equipping  A. whisleri 
with the high membrane flexibility that it exhibits while 

having a cell wall. This could also be the reason behind 

the strong sensitivity that  A. whisleri cells show when con

fronted with chemical, physical or electric shocks to create 

membrane pores in order to achieve transfection. 

3.4.1.1  Transfection and Selection Protocol 
One of the first steps toward developing genetic tools in  A. 
whisleri was to test a wide battery of drugs for susceptibil

ity in order to identify a selective agent (Faktorová et  al. 

2020). Puromycin resulted in the most promising acting as a 

cytostatic agent when assayed between 100 and 500 micro

grams/mL, opening the possibility to use the resistance 

gene for puromycin activity (pac) (Luna et al. 1988) and the 

following protocol at Protocols.io:  www.protocols.io/view/ 

testing-selective-agents-for-the-icthyosporeans-ab-z5nf85e ). 

To achieve insertion of DNA inside  A. whisleri nuclei, a 

battery of transfection protocols based on different meth

ods were tested. Initially, electroporation with the Neon 

electroporation system (Invitrogen) was successful, but 

the resulting efficiency and reproducibility of this pro

tocol did not allow for a regular establishment of trans

fection. During this time, researchers working on the 

choanofl agellate S. rosetta achieved promising results 

with another electroporation-based system, Nucleofection 

(Lonza), which was also more efficient and reproduc

ible for  A. whisleri (Figure 3.3c) (Booth et al. 2018; 

Faktorová et al. 2020; and Protocols.io:  www.protocols.io/ 
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view/abeoforma-whisleri-transient-transfection-protocol

zexf3fn). In summary, the key steps to signifi cantly improve 

efficiency and reproducibility were as follows: washing the 

cells with 1X PBS—which should be completely eliminated 

prior to re-suspension with transfection buffer—was impor

tant to maintain the low salt concentration for applying the 

electric shock. Small variations in this sense would make 

A. whisleri cells very susceptible to electric shock, explod

ing easily. On the other hand, immediate re-suspension of 

the cells with MB after the application of the electric cur

rent was key to obtaining the best cell recovery possible. 

The addition of high-concentration and high-quality carrier 

DNA (empty pUC19) was key to increasing the number of 

transfectants up to an order of magnitude. Finally, the best 

parameters for transfection were the combination of the buf

fer P3 in the middle of the scale of stringency and the elec

troporation code EN-138 (all provided by Lonza) (Figure  

3.3c). After 24 h, ~1% of the culture was transformed based 

on the fraction of cells expressing mVFP (venus fl uorescent 

protein) in the nucleus. 

As an example of successful transient transfection for 

A. whisleri, Figure 3.4a  shows the result of transfecting 

AwH2BmVenusTer. Several positive cells were observed 

with specific mVenus expression in the nuclei, demonstrat

ing that the  AwH2BmVenusTer plasmid was correctly deliv

ered. Nevertheless, cells did not progress with cell division, 

suggesting that the expression of the fusion protein mVenus

H2B might be excessive, thus making the cells susceptible to 

the high levels of histone protein (Singh et al. 2010). 

3.4.1.2  Plasmids 
In order to deliver exogenous DNA into  A. whisleri with the 

possibility to obtain transcription and protein expression, 

constructs with fluorescent proteins such as mCherry and 

mVenus (Shaner et al. 2004) (Nagai et al. 2002) were engi

neered using endogenous promoters to drive transcription. 

The actin promoter was chosen as one of the constitutive 

promoters widely used in molecular biology and therefore 

likely to work. Signatures from endogenous genes were  

selected in order to drive the fluorescence to a subcellular 

structure that could be easily identifi ed, such as the nucleus 

(AwH2BmVenusTer) (Figure 3.4a) or the cytoskeleton 

(ApmCherryTubulinaTer, ApmCherry Actina Ter), all under 

the  A. whisleri actin promoter and terminator (Faktorová 

et al. 2020). Moreover, a construct from which puromy

cin resistance could be delivered was also engineered 

in order to achieve stable transfected lines in the future 

(ApmCherryPuromycinaTer). 

3.4.1.3  Prospects 
In the near future, combined efforts to achieve stable trans

fection in A. whisleri under the effect of puromycin, together 

with simultaneously improving transient transfection toxic

ity, will be implemented. Because of the rich complexity in 

morphology of A. whisleri cells, achieving stable transfected 

lines with differently labeled subcellular components will 

be instrumental to study the sequence and diversity of its 

http://www.protocols.io
http://www.protocols.io
http://www.protocols.io
http://www.protocols.io
http://www.protocols.io
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life stages and to be able to reconstruct its life cycle and the 

regulation of their transition. 

3.4.2  CREOLIMAX FRAGRANTISSIMA 

C. fragrantissima was the first unicellular holozoan to be 

transiently transfected (Suga and Ruiz-Trillo 2013a), and 

it is so far the ichthyosporean with the greatest aptitude 

for being turned into a model organism (Figure 3.1). Most 

importantly, C. fragrantissima has been isolated a consid

erable number of times, and most of them have been suc

cessfully cultured in the laboratory. Besides having been 

isolated from a myriad of invertebrates belonging to four 

different phyla, the isolated C. fragrantissima strains were 

highly similar at both the molecular and morphological level 

(Marshall et al. 2008). The observed uniformity of the dif

ferent strains implies relevance of the obtained results for a 

wide range of organisms, which is defi nitely desirable for a 

model organism. 

C. fragrantissima is an osmotroph organism with an  

apparent asexual linear life cycle ( Figure 3.2c). Cells 

are small and round, uni- or bi-nucleated, with a smooth 

cell wall and central vacuole, which pushes the nuclei to 

the cell periphery. There is no sign of flagella, hypha or 

budding behavior. The round cell grows from 6–8 mm 

in diameter to a mature multinucleated coenocyte of  

30–70 mm in diameter, from which motile amoebas will 

burst from several pores of the parental coenocyte wall. 

Crawling uni-nucleated amoebas 12 mm long and 4.5–5 

mm wide with erratic movement will become round and 

encyst after exploring a certain distance in various direc

tions and finally setting, becoming round cells again, the 

cysts (Suga and Ruiz-Trillo 2013a ;  Marshall et al. 2008). 

The release of already round encysted cells has also been 

documented, as well as endospores that manage to grow 

without ever exiting the parental cell (Marshall et al. 

2008). Fusion of cells is not observed, although clumps of 

cysts getting together are often found in regular cultures. 

The whole life cycle takes about 44 hours, where the mat

uration of the amoebas inside the coenocyte corresponds 

to 2–3 hours (Figure 3.2c). 

3.4.2.1  Transfection 
C. fragrantissima was the first unicellular holozoan in 

which transient transfection was achieved, allowing for the 

first investigations on its life cycle and initial characteriza

tion of life stages at the cellular level (Suga and Ruiz-Trillo 

2013). Moreover,  C. fragrantissima is the only unicellular 

holozoan for which morpholino RNA silencing has been 

successful (Suga and Ruiz-Trillo 2013). 

The initial transformation protocol was based on elec

troporation performed inside the solution of the cell sus

pension using a wire-type electrode ( Kim et al. 2008 ). 

With this protocol, the authors reported a remarkable 

transfection efficiency of 7% ( Suga and Ruiz-Trillo 2013 ). 

Despite  the transfection being transient, the introduced 

plasmid allowed for expression of the tagged protein during 

a two-day period. This was sufficient for the plasmid to be 

passed on to the next generation, enabling for the fi rst time 

the description of some of the life stages of C. fragran
tissima. The authors of the study specifically labeled the 

nuclei by fusing the H2B gene of either C. fragrantissima 
or the close relative  Sphaeroforma arctica ( Figure 3.1 ) 

with a fluorescent protein mCherry (see  Figure 3.4b for an 

example of  C. fragrantissima transfected with an equiva

lent plasmid specifically expressing mVenus in the nuclei 

of a coenocyte). These positively transfected cells allowed 

researchers to determine through time-lapse experiments 

the synchronicity of the nuclear divisions in the  C. fragran
tissima coenocytes.

 These first transformation experiments in C. fragrantis
sima also opened the door to the possible direct manipula

tion of the organism by performing gene silencing. In the  

scenario where no transgenic organisms can be engineered, 

the alternative to transient gene silencing by either interfer

ing with transcription or translation with antisense RNA 

matching the right targets can be an alternative functional 

approach. The fact that the cell wall of  C. fragrantissima 
seems to be the thinnest and least complex of the known 

ichthyosporeans might have facilitated the success of this 

approach (Marshall et al. 2008). The authors chose morpho

linos (i.e. synthetic small interfering RNAs, or siRNAs) to 

proceed with gene silencing of the transformed recombi

nant proteins. Because the effect of silencing was directly 

related to the effi ciency of the transfection, an internal con

trol needed to be established. For this reason, the authors 

first obtained the correlation between the intensities of the 

different fluorescent markers mCherry and mVenus. The 

transfections always proceeded with the corresponding anti

sense RNA targeting the gene of interest fused to mCherry 

together with a plasmid that expressed the cytoplasm fl uo

rescent marker (mVenus). The decrease in mCherry fl uo

rescence compared with the main intensity of the mVenus 

would give the percentage of achieved silencing. By repeat

ing the experiments with siRNAs containing mismatches 

as a control, the authors were able to demonstrate that their 

functional RNAi approach was specific (three mismatches 

were enough to abolish the silencing effect on the mCherry 

expression). Interestingly, the authors also demonstrated that 

the silencing effect could be achieved by using this transfec

tion method to block translation. In this case, the antisense 

RNA was directed to the 5’UTR region of one of the con

structs. The results were similar, but in this case, fi ve mis

matches were necessary to lose sequence specifi city (Suga 

and Ruiz-Trillo 2013a). 

Further steps on the development of genetic tools in  C. 
fragrantissima have been hampered by the lack of a suit

able selective agent with a known resistance gene to achieve 

stable transfection. We and other researchers are working 

on this matter in order to be able to genetically modify C. 
fragrantissima. Previous research on this organism has  

unveiled a number of undoubtedly interesting avenues that 

will be possible to investigate after the development of more 

advanced genetic tools. 
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3.4.2.2  Plasmids 
The expression cassettes reporting transfection were con

structed using the endogenous  ß-tubulin promoter of  C. 
fragrantissima to drive expression of a fl uorescent protein, 

either mCherry or mVenus. For nuclei labeling, the cassette 

fused the mCherry fluorescent protein to the endogenous 

histone 2B (H2B) gene of C. fragrantissima . Interestingly, 

a fusion to the  S. arctica h2B gene was also functional in 

C. fragrantissima. For cytoplasm labeling, the authors 

co-transfected the H2B-mCherry construct with a vector 

expressing the mVenus fluorescent protein driven by the 

same  ß-tubulin promoter from C. fragrantissima (Suga and 

Ruiz-Trillo 2013). 

3.4.3  PROSPECTS 

Interestingly, for both C. fragrantissima and also for  S. arc
tica (see the following), a subset of long non-coding RNAs 

are specifically regulated for some life stages (de  Mendoza 

et al. 2015; Dudin et al. 2019). Being able to study this mech

anism of specifi c gene regulation in more depth could be of 

relevance to elucidate the initial steps of cell specialization. 

On the other hand, investigating the dynamics of cell 

division during the coenocytic stage of  C. fragrantissima in 

depth will help us to understand the similarities and differ

ences with the coenocytes of some animal species’ embryos 

(Figure 3.2d) (de  Mendoza et al. 2015;  Ondracka et al. 2018). 

As a conclusion,  C. fragrantissima is one of the known 

ichthyosporeans that could be a more fruitful model organ

ism in the near future for many reasons. First, it is easily  

cultivated and manipulated in laboratory conditions; second, 

it presents an apparently linear life cycle and a fairly good 

description of its different life stages, and third, it has a rela

tively compact and well-annotated genome, and lastly there 

is a reasonable availability of genetic tools. All together, this 

makes  C. fragrantissima a very good candidate for the study 

of the evolution of the holozoa clade but also for addressing 

several open questions concerning the evolution toward mul

ticellularity in animals. 

3.4.4  SPHAEROFORMA ARCTICA 

Although genetic tools are yet to be developed for 

Sphaeroforma arctica, we thought it important to briefl y 

introduce this organism in this chapter. Recently, two 

reports have unveiled insightful information on the cellular

ization and the nuclear division during the coenocytic stage 

of S. arctica (Ondracka et al. 2018; Dudin et al. 2019). These 

new findings will undoubtedly open new research avenues 

for all ichthyosporeans, and  S. arctica will be considered a 

good candidate for future studies, especially those address

ing questions of general interest for eukaryote biology and 

evolution. 

S. arctica was first isolated from an artic marine amphi

pod, cultivated in the laboratory and described by Jøstensen 

and collaborators (2002). The authors also analyzed the 

chemical composition of its cell wall in order to fi nd specifi c 
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adaptations to cold water. Its cell wall presents a high con

tent of polyunsaturated fatty acids (more than 70%), suggest

ing that they contribute to survival in cold waters ( Jøstensen 

et al. 2002). S. arctica grows in laboratory conditions at  

12C in MB through a linear vegetative life cycle that is 

completed in approximately 48 hours. Briefly, small round 

newborn cells proliferate in a multinucleated coenocyte 

through several rounds of synchronous nuclear divisions, 

which cellularize at the moment of newborn cell release by 

bursting from the parental coenocyte (Jøstensen et al. 2002; 

Ondracka et al. 2018). The absence of alternative stages such 

as flagellated motile amoebas, budding or hyphal forms 

makes the  S. arctica life cycle ideally simple for some stud

ies. In addition, its genome and transcriptome as well as an 

accurate phylogenetic placement have been obtained for this 

species (de  Mendoza et al. 2015;  Torruella et al. 2015). 

These features make S. arctica an ideal species for fur

ther investigations. Indeed, recent studies have unveiled the 

patterns of cellularization and control of cell division that 

were previously unknown outside animal lineages. The  S. 
arctica cellularization process shares some mechanisms 

and regulatory pathways with the one present in animals, 

and it also presents some specific players likely shared with 

the rest of ichthyosporeans (Figure 3.1) (Dudin et al. 2019). 

Similarly, detailed studies of nuclear division in S. arctica 
cultures demonstrated that the timing of nuclear division is 

not affected by cell size or growth rate and is highly syn

chronous (Ondracka et al. 2018). This feature distinguishes 

S. arctica from filamentous fungi and more resembles the 

early divisions of animal embryos. 

The main drawback of turning  S. arctica into a model 

organism is mainly the difficulty of finding a feasible trans

fection method. So far, a variety of methods based both on 

chemical and physical approaches, such as electroporation, 

lipid-based methods and calcium precipitate protocols, have 

been tried without success (dx.doi.org/10.17504/protocols. 

io.z6ef9be). A hard cell wall being already present when 

the new generation of cells is expelled from the coenocyte 

is likely the main obstacle to efficiently introducing foreign 

DNA into the organism. Nevertheless, the fact that new 

model organisms are now being successfully developed 

using different strategies is promising for  S. arctica to be an 

experimentally tractable organism in the near future. 

3.5  CORALLOCHYTREA/PLURIFORMEA 

The Corallochytrea clade is also known as Pluriformea 

because of the great variety of forms exhibited during 

the life cycles of the organisms composing this lineage 

(Hehenberger et al. 2017). Corallochytrea is the fourth clade 

of unicellular Holozoa, a sister-group to Ichthyosporea and in 

a key phylogenetic position for researchers to study the evo

lution from unicellular to multicellular organisms (Figure 

3.1). To date, this lineage is composed of only two described 

species: Corallochytrium limacisporum and  Syssomonas 
multiformis (Raghu-kumar 1987;  Hehenberger et al. 2017; 

Tikhonenkov et al. 2020a). Intriguingly,  C. limacisporum 

https://dx.doi.org/10.17504/protocols.io.z6ef9be
https://dx.doi.org/10.17504/protocols.io.z6ef9be
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FIGURE 3.4 Live imaging of transfected cells of Abeofroma whisleri, Creolimax fragrantissima and  Corallochytrium limacisporum. 
Images are complemented with diagrams of transfection cassettes.  Abeoforma whisleri, nuclei labeling: mVenus fl uorescent protein 

fused to endogenous Histone 2B under the actin promoter and terminator.  Creolimax fragrantissima, nuclei labeling: mVenus fl uorescent 

protein fused to endogenous Histone 2B under the tubulin promoter and terminator.  Corallochytrium limacisporum, nuclei labeling: 

mVenus fluorescent protein fused to endogenous Histone 2B under the actin promoter and SV40 terminator. Plasma membrane labeling: 

tdTomato fluorescent protein fused to the endogenous N-myristoylation motif of the  src gene (see main text) under the actin promoter 

and SV40 terminator. Reported transfection efficiency only for  Abeoforma whisleri and  Coralochytrium limacisporum from our own 

experiments. Scale bars (a) and (c) 5 μm, (b) 50 μm. 
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contains a complete flagellar toolkit (Torruella et al. 2015), 

but its flagellated forms occur sporadically in our culture 

conditions, whereas in contrast, the most commonly occur

ring stage of S. multiformis consists of fl agellated forms 

(Tikhonenkov et al. 2020a). Both representatives of this 

clade show some morphological resemblance in their life 

cycle, S. multiformis being the one with a greater variety of 

forms. As an example, both organisms have active amoe

boid forms and also present complex multicellular stages 

(Figure 3.2d) (Tikhonenkov et al. 2020a ; Kożyczkowska 

et al. 2021). 

In addition to its key phylogenetic position,  C. limacispo
rum has many of the desirable features for an organism to be 

developed as genetically tractable (see next section). On the 

other hand, unfortunately, cultures of  S. multiformis are no 

longer available, and therefore it is difficult to speculate on 

the possibility of this organism becoming an experimentally 

treatable organism. 

3.5.1  CORALLOCHYTRIUM LIMACISPORUM 

C. limacisporum is a small, marine, free-living corallochy

trean isolated from coral reefs of India and Hawaii (Raghu

kumar 1987). This taxa possesses numerous features that  

make it an attractive candidate for further functional anal

ysis. It grows very fast and under axenic conditions, and 

most importantly, it is able to grow in both liquid and agar 

media, allowing for easy screenings and selection of indi

vidual transformed clones. Moreover, it is the only coral

lochytrean with a completely sequenced and well-annotated 

genome (Grau-Bové et al. 2017). Finally, besides these 

technical advantages,  C. limacisporum has a peculiar and 

understudied biology, with a complex life cycle and, as we 

mentioned before, some fungal-like features. For all these 

reasons, developing genetic tools in this fascinating unicel

lular organism will for sure be useful for several scientifi c 

questions/fi elds. 

3.5.1.1  Transfection and Selection 
Different antibiotics, antifungals and herbicides had been 

tested in C. limacisporum, and the antibiotic puromycin was 

selected as the most adequate for its efficiency and apparent 

low toxicity (Kożyczkowska et al. 2021). In addition to selec

tion by antibiotics, it would be ideal to have a double selection 

system that would also allow us to screen transfected cells by 

fluorescence microscopy. Therefore, a dual selection system 

based on resistance to puromycin and mCherry expression was 

set up. Two recombinant plasmids, CAMP (Corallochytrium 
A ctin M cherry Pac) and CTMP (Corallochytrium T ubulin 

M cherry Pac), were used for optimizing the transfection  

parameters (see also “Plasmids” section). 

Different methods of transfection that had worked for 

other protists, yeast or eukaryote cells in general based on 

chemical or physical methods were tested, but only electro

poration was successful. Initially, positive results using an 

in electrode apparatus from Invitrogen, the Neon system, 

which allows modifying the electric pulse and the duration 

Emerging Marine Model Organisms 

of the pulse (dx.doi.org/10.17504/protocols.io.hmwb47e), 

were obtained. Nevertheless, this protocol did not have 

enough reproducibility to carry out downstream applica

tions, and we selected the electroporator 4D-Nucleofector 

from Lonza, which was being used with greater effi 

ciency in other protists (Figure 3.3e) (Kożyczkowska et 

al. 2021 and Protcols.io: dx.doi.org/10.17504/protocols. 

io.r5ud86w; see sections for  S. rosetta, A. whisleri and C. 
fragrantissima). 

One of the important factors was the cell density and age 

of the starting culture to maximize efficiency. Similarly to  A. 
whisleri, the cells should be washed with 1X PBS to remove 

the culture media. Co-transfection of highly pure and highly 

concentrated carrier plasmid DNA (empty pUC19) was 

another key factor that significantly increased effi ciency. 

In general, some fluorescent cells could be observed after 

24 hours post-transfection, although there was always a 

significant increase in positive cells after 48 hours, after  

which puromycin was added. In the case of  C. limacispo
rum, the combination of buffer P3 and code EN-138 from 

the 4D-Nucleofector (Lonza) proved the most optimal 

for successful transfection (Figure 3.3e) (Kożyczkowska 

et al. 2021). Clonal lines can be obtained by plating a dilu

tion of the cells in MB agar plates containing puromycin  

(Kożyczkowska et al. 2021). 

As an immediate contribution from these developed 

genetic tools, the description of the life cycle of  C. lima
cisporum and the unraveling of some unexpected traits, 

was possible. It has been discovered that  C. limacisporum 
has two different paths for cell division, binary fi ssion and 

coenocytic growth ( Figure 3.2d), demonstrating that the C. 
limacisporum life cycle is non-linear and more complex than 

previously thought (Raghu-kumar 1987). Additionally, some 

particular features of C. limacisporum not commonly found 

in eukaryotes were described: first the decoupling of cyto

kinesis and karyokinesis in binary fission and second the 

observation of some examples of asynchronous nuclei divi

sions during coenocytic growth. The possibility to expand 

functional studies of these features in C. limacisporum will 

undoubtedly contribute to a better characterization of this 

unicellular holozoan. 

3.5.1.2  Plasmids 
As mentioned, a double selection system was engineered. The 

CAMP plasmid contained the  pac gene to provide drug resis

tance (Luna et al. 1988) and the  mCherry gene to produce 

fluorescence in the positively transfected cells. In order to 

drive transcription with endogenous promoters, the upstream 

non-coding sequence of the actin and tubulin genes from C. 
limacisporum and the 3’UTR terminator of the  actin gene 

from the ichthyosporean A. whisleri were cloned in order  

to avoid homologous recombination at the  actin locus. The 

CAMP and CTMP plasmids were indistinguishable in their 

phenotype, fl uorescent labeling of the cytoplasm in  C. lima
cisporum revealing a “crescent moon-like” shape produced 

by the presence of a large vacuole that occupies the 65% of 

the cell’s volume (Kożyczkowska et al. 2021). 

https://dx.doi.org/10.17504/protocols.io.hmwb47e
https://dx.doi.org/10.17504/protocols.io.r5ud86w
https://dx.doi.org/10.17504/protocols.io.r5ud86w
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Progress into understanding the cell biology of  C. lima
cisporum (see transfection section) was possible through the 

generation of constructs tagging sub-cellular components, 

such as the plasma membrane, cytoskeleton, cytoplasm and 

nucleus (Kożyczkowska et al. 2021). To construct the  pact
NMN-tdTomato plasmid, the predicted N-myristoylation 

motif (NMM) from the  Src tyrosine kinase orthologue  

(Gene ID Clim_evm93s153) was used. This motif has been 

successfully used in C. owczarzaki to direct the fusion pro

tein to the plasma membrane (Parra-Acero et al. 2018). Our 

results show that this motif was also plasma membrane spe

cific in  C. limacisporum and therefore might also be useful 

in other organisms (Figure 3.4c) (Kożyczkowska et al. 2021). 

To visualize the cytoskeleton, the 17-amino acid peptide 

LifeAct that binds specifi cally to filamentous actin (ibidi) 

was fused to the mCherry protein  pact-LifeAct. Finally, the 

construct  pact-H2B-mVenus contains the endogenous gene 

of C. limacisporum (Gene ID Clim_evm20s1) fused to the 

mVenus fluorescent protein. In addition, the construct con

tains the actin promoter, with the dual system of puromy

cin resistance as well as fl uorescence (Kożyczkowska et al. 

2021). 

3.5.2  PROSPECTS 

The development of specific recombinant plasmids together 

with stable transfection in  C. limacisporum has provided 

insightful information about the biology of this organism 

while also providing the initial tools to set up functional 

experiments. Importantly, now C. limacisporum provides 

the opportunity to further investigate which are the fac

tors behind different developmental routes (binary fi ssion 

or coenocytic growth), as well as a promising model to  

study the mechanisms behind the decoupling of karyokine

sis from cytokinesis and the basis of asynchronous nuclear 

division. 

Besides the previously mentioned advances, developing 

CRISPR/Cas9 genome editing in  C. limacisporum is cur

rently ongoing. The establishment of genome editing in the 

future will allow us to understand, among others, the pos

sible ancestral role of some genes related to multicellular 

functions in Metazoa. 

3.6  CONCLUDING REMARKS 

We have here described the most recent advances in the  

handful of model organisms available among unicellular 

holozoans (Figure 3.1). These model organisms belong to all 

four clades of unicellular relatives of animals, constituting a 

functional platform to experimentally address many of the 

hypotheses regarding the evolution of genes and cellular fea

tures along the Holozoa tree. We are eager to see how evo

lutionary cell biology will take advantage of all those new 

emerging model systems to address the function of ancestral 

genes and protein domains, as well as for the conservation or 

innovation of cell biological processes. 
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