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Preface 

 

I carried out my PhD work at the University of Camerino in the molecular and cellular 

biology laboratory under the supervision of prof. Cristina Miceli and prof. Sandra 

Pucciarelli. The research activities of the laboratory are mainly focused on the study of 

molecular and cellular adaptations and responsive mechanisms of eukaryotic 

microorganisms to environmental changes and stressed conditions. The research 

approach includes the study of genome organization and control of gene expression.  

Ciliated protozoa, such as the freshwater Tetrahymena thermophila (Order 

Hymenostomatida) and marine Euplotes species (Order Hypotrichida), are used as 

model organisms.  

General objectives of my thesis were to demonstrate the applicability of transcriptional 

profiling, for elucidating the mechanisms of toxic action of engineered nanomaterials in 

the ciliate Tetrahymena thermophila, endorsing it as a valid model organism for the 

freshwater environmental pollution studies and to pave the way to the use of marine 

Euplotes species as additional valid models for studies on the marine environment. 

Despite their genetic diversity, all ciliates are characterized by two common features: 

the possession of complexes of cilia, used for swimming or crawling and for phagocytic 

food capture, and the presence of nuclear dimorphism. Each ciliate contains a germ line 

diploid micronucleus (mic), inactive in vegetative cells, but transcriptionally active in 

mating cells and responsible for the genetic continuity during sexual reproduction, and a 

larger polyploid somatic macronucleus (MAC), the site of transcriptional activity in the 

vegetative growing cell. Different ciliate species can contain different numbers of 

micronuclei: Tetrahymena and Euplotes species have one mic, which divides mitotically 

during vegetative growth. Tetrahymena species have a single ovoid MAC. Euplotes 

species contain a single, highly elongated MAC (Prescott 1994) (Figure 1). 
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Figure 1. Fluorescence microscopy image of Euplotes crassus. MAC appear blue after staining 

with a nuclear dye DAPI. 

 

When two starved cells of different mating type undergo conjugation, they exchange 

haploid mic and develop a new MAC from the mic. The developing MAC is called the 

Anlagen. During its differentiation several programmed DNA rearrangements occur 

(M.-C. Yao and Chao 2005): 1) the deletion of segments of the mic genome known as 

internally eliminated sequences (IESs); 2) the site-specific fragmentation of the 

chromosomes (Fan and Yao 2000); 3) the addition of a telomere to each new end (Yu 

and Blackburn 1991) generating the  MAC chromosomes (Eisen et al. 2006) , and 4) 

their amplification (M. C. Yao, Yao, and Monks 1990). In Tetrahymena approximately 

6,000 IESs are removed, resulting in the MAC genome being 10% to 20% smaller than 

that of the mic (M. C. Yao et al. 1984). Hypotrichs undergo the same three global 

genomic changes of elimination, fragmentation, and amplification during MAC 

development, but the phenomena are more extreme and entail the elimination of 96% of 

the mic genomic DNA complexity in Oxytricha species and 98% in Stylonychia lemnae 

(Prescott 1994), generating very small chromosomes called nanochromosomes that in 

most cases contain a single genetic unit. Conjugation results in complete genome 

replacement in each exconjugant and genetic identity of both exconjugants in some 

species (Orias, Cervantes, and Hamilton 2011). 

T. thermophila has normal dimensions of about 50 μm in length and 20 μm in width. It 

swims in temperate freshwater environments like streams, lakes and ponds, and it 

tolerates a wide range of temperatures, from 12°C up to about 41°C (Frankel 1999).  

 

50 µm 
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T. thermophila cell is covered by multi-layer cortex that is semi-rigid and arranged into 

18-21 longitudinal rows (ciliary rows) of cortical units containing basal bodies mostly 

accompanied by the cilia. Nutrients are taken up via pinocytosis and phagocytosis, the 

latter is the main feeding mechanism of Tetrahymena. Food vacuoles are formed in an 

oral apparatus made up of four compound ciliary elements (hence Tetra-hymena) 

embedded within fibrillar structures located near the anterior end of the cell. Near the 

posterior end of the cell is located cytoproct where undigested food particles are 

excreted from the cell. An osmoregulatory organelle, the contractile vacuole, 

accumulates and releases collected fluid through contractile vacuole (CV) pores (Figure 

2) (Wloga and Frankel 2012; Nusblat, Bright, and Turkewitz 2012; Frankel J. 2007). 

 

 

 

Figure 2. A schematic diagram of the organisation of T. thermophila. The anterior end of the 

cell is oriented upwards, and the ventral (oral) surface of the cell faces the viewer. 7 of the 18–

21 ciliary rows are seen, with basal bodies shown as dots next to longitudinally oriented 

microtubule bands. Cilia are drawn emerging from the basal bodies of only one of the ciliary 

rows and omitted from the other rows. (Frankel J. 2007) 

 

Having a doubling time of less than 3 h, T. thermophila is considered one of the fastest 

growing eukaryotes. It can readily grow to a high density on a wide range of media. Its 

life cycle (Figure 3) allows the use of conventional tools of genetic analysis, and 

molecular genetic tools suitable for gene function analysis. In addition, although it is 

unicellular, it possesses most of the conserved cell structures and molecular processes 

found in multicellular eukaryotes. Fundamental discoveries of molecular biology were 

made in this ciliate protozoan and it has been the first member of the phylum Ciliophora 

to have its complete somatic (MAC) genome sequenced (Eisen et al. 2006). The 

amplified MAC genome consists of about 104 Mb, that contain more than 27,000 

protein coding genes. The Tetrahymena Functional Genomics Database (TetraFGD) is 
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available (Xiong et al. 2013) and it facilitates the study of the molecular bases of 

environmental responses, since data obtained in different environmental conditions can 

be easily compared. 

 

 
 

Figure 3. The Tetrahymena life cycle. 

In the vegetative (asexual) multiplication. V0: vegetative cell. V1: cell undergoing binary 

fission. mic and MAC divide mitotically and amitotically, respectively. In conjugation, sexual 

(non-reproductive) stage of the life cycle, events occur in synchrony in each conjugant. 1. 

Starved cells of different mating type form pairs. 2. Meiosis generates four haploid products, 

three of which are resorbed by programmed nuclear death (PND). 3. The functional meiotic 

product undergoes mitosis, generating the haploid migratory (anterior) and stationary (posterior) 

gamete pronuclei. Migratory pronuclei are reciprocally exchanged. 4. Incoming migratory and 

resident stationary pronuclei fuse, generating the diploid fertilization nucleus. 5. The 

fertilization nucleus undergoes two rounds of mitosis, generating four diploid anlagen, which 

will differentiate into new polyploid MACs (anterior two) and new diploid mics (posterior two). 

6. New MACs and mics take up a central position and characteristic arrangement. The parental 

MAC migrates posteriorly and is resorbed by PND. 7. Exconjugant cells separate. One new mic 

is resorbed by PND. Not shown: at the first post-conjugation cell division (after stage 7), a new 

MAC and a mitotic daughter of the surviving new mic are distributed to each daughter cell, thus 

restoring the vegetative one mic, one MAC nuclear organization (stage V0). From Orias et al. 

2011. 

 

The research work of my thesis is divided in three parts: two extensive Chapters 

and one Additional Project section as an appendix. In Chapter 1, I reported a 

study on the potential toxic effect of silver nanoparticles (AgNPs) accumulation in 

the environment, using T. thermophila as a model organism. This was started by a 

trilateral collaboration project including Estonia and China in the frame of the European 
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Cooperation in Science and Technology (COST) action BM1102 entitled “Ciliates as 

model systems to study genome evolution, mechanisms of non-Mendelian inheritance, 

and their roles in environmental adaptation” and coordinated by our laboratory. 

Since the nano-industry has grown incredibly fast in the last few years (Ivask et al. 

2014) and AgNPs are the most widely commercialized NPs that are used as 

antimicrobials in various consumer products (Bondarenko, Juganson, et al. 2013), 

concentrations of Ag ions are increasing in soil and water (Aueviriyavit, Phummiratch, 

and Maniratanachote 2014). The collateral dispersion of AgNPs in the environment may 

pose a threat to non-target organisms (Ivask et al. 2014). Therefore, to understand their 

toxicity mechanisms is essential for the design of more efficient nano-antimicrobials 

and for the design of biologically and environmentally benign nanomaterials. 

In a previous study, only a few genes known to be involved in detoxification by 

oxidative stress were analysed by qPCR, after exposure of T. thermophila to AgNPs 

compared with the effect of a soluble silver salt, AgNO3, to evaluate the contribution of 

the dissolved silver to the overall toxic effect of AgNPs (Juganson et al. 2017). This 

study showed that Ag-ions play a major role in the toxicity of AgNPs in T. thermophila. 

However, although oxidative stress related genes were overexpressed in AgNP-exposed 

Tetrahymena, the intracellular ROS level was not elevated, possibly due to 

Tetrahymena's very efficient antioxidant defense mechanisms that certainly involves 

other not yet investigated genes. The study also highlighted the relevance of the AgNPs 

toxicity for environmentally abundant organisms and still left open the question of 

which other genes are involved in the Tetrahymena response to AgNPs. Does the 

organization in AgNPs produce a different effect on the total gene expression regulation 

with respect to the effect induced by the silver ions released by the salt AgNO3? 

Therefore, to answer to these open questions and to obtain a global vision of the 

changes occurring in T. thermophila gene expression, we decided to perform an RNA 

sequencing analysis to compare the cell’s exposure to AgNO3 and to AgNPs. For this 

purpose, I went to the The National Institute of Chemical Physics and Biophysics 

(NICPB) of Tallinn (Estonia) to repeat the toxicity test and to learn how to handle 

AgNPs. Then I joined the Protozoan Functional Genomics laboratory at the Institute of 

Hydrobiology (IHB), Chinese Academy of Sciences (CAS) in Wuhan (China). In this 

laboratory coordinated by Dr. Wei Miao, a deep RNA-sequencing study of T. 

thermophila during the three major stages of the life cycle (growth, starvation and 

conjugation) was performed and a Tetrahymena functional database (TetraFGD) was 

developed (Xiong et al. 2013). There, as a pilot experiment, I exposed T. thermophila to 
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two sub-lethal concentrations of silver compounds and collected the cells after 2 and 24 

h to perform RNA isolation and RNA-sequencing. Differential gene expression was 

analyzed. The experimental sequences were compared with the controls to evaluate 

quantitatively the inhibition or increase of gene expression due to NPs or Ag ions. Then, 

I performed gene set enrichment analyses.  

According to these results we decided to investigate further the 24 h exposure condition, 

which was considered more consistent for the biological model, also considering T. 

thermophila doubling time.  

Later, at the University of Camerino, I performed a biological replica of the 24 h 

exposure experiment to obtain statistically significant data. I also validated my data with 

qPCR and all this work is reported in detail in Chapter 1 of my thesis. 

 

The results presented in Chapter 1 confirmed that T. thermophila is a valid freshwater 

model organism to study stress response mechanisms. No similar models are provided 

so far from the marine environment. In order to propose a seawater counterpart, my 

attention was focused on Euplotes marine species. These species still require analysis of 

the genomes to have a reference for the environmental response studies. 

Some steps in this direction have already been done in our laboratory in collaborations, 

through a first assembly of MAC genomes of Euplotes crassus and E. focardii that 

revealed important aspects of the translation machinery that frequently uses 

frameshifting (Lobanov et al. 2017). This analysis was followed by a more deeply 

annotation of the Euplotes MAC to which I am currently contributing (data not yet 

published). However, Euplotes mic sequences are still unknown as well as the details on 

the DNA rearrangements to produce the MAC genome by transpositions and DNA 

elimination. This gap is significant for our research because the mechanisms of the 

stress response are most probably influenced by the DNA rearrangements and 

transpositions. To address this gap in research, I developed a technique to isolate E. 

crassus micronuclear chromosomes, as reported in Chapter 2 of this thesis. This 

work was supported by The Marine Microbiology Initiative (MMI, funded by Gordon 

and Betty Moore foundation) and developed in collaboration with the University of 

Bern and the University of Connecticut. 

 

Finally, in order to generate real valid genetic models with Euplotes species, 

comparable with the Tetrahymena model, it would be necessary to establish genetic 

manipulation techniques for functional studies and further applications. In the 
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Additional Project section of this thesis are listed different experimental 

approaches for Euplotes transfection. This study was also supported by MMI which 

aims to accelerate development of genetic tools to enable development of experimental 

model systems in marine microbial ecology. 

The MMI also co-funded my PhD scholarship. 

 

The three parts of my thesis are written to be used for three independent publications. I 

apologize for repetitions mainly present in the three introductions. 
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Chapter 1 

1.0 Differential gene expression analysis in the 

freshwater ciliate Tetrahymena thermophila under 

stress by silver nanoparticles 
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1.1 Introduction and aims 

 

Nanotechnology has become a major scientific challenge in the last few years, and 

researchers are continuing to discover unique properties and applications of 

nanomaterials. There are different purposes for the use of nanoparticles (NPs) in 

improving human health, environmental quality, computer science technology and 

general devices. They have already found their commercial applications in various 

products (Salata 2004). Nevertheless, the same properties which make NPs so attractive 

for their use in new products have also led to concerns that NPs may raise the risk for 

humans and the environment (Dubey et al. 2015). If compared to their respective bulk 

materials, NPs possess different physical and chemical properties, such as lower melting 

points, specific optical properties, mechanical strengths, specific magnetizations and 

higher specific surface areas. These properties proved to be attractive in various 

industrial applications (Horikoshi and Serpone 2013). Another property of NPs is a high 

surface-to-volume ratio, that means that a higher portion of the atoms, constituting the 

material, are located at the surface of the particle itself. These atoms are in a different 

bonding state compared to those located inside, more unbound and active, resulting in 

easy bonding with contacting materials and influencing the particle properties like 

reactivity, adsorption rate, solubility and bioavailability. There is increasing evidence 

that the unique desired physicochemical properties of NPs, which make nanomaterials 

more efficient in industrial applications, render these materials also more harmful to 

living organisms (Bondarenko, Juganson, et al. 2013). At least it is known that the 

major phenomena driving NPs toxicity are: dissolution, organism-dependent cellular 

uptake, induction of oxidative stress and consequent cellular damages (Ivask et al. 

2014). 

 

NPs are abundant in nature, as they are produced in many natural processes, including 

photochemical reactions, volcanic eruptions, forest fires, simple erosion, and by plants, 

animals and microbes (Buzea, Pacheco, and Robbie 2010). They can also be produced 

as a by-product of many human industrial and domestic activities, such as cooking, 

material fabrication and transport using internal combustion and jet engines. Different 

methods are successfully used to obtain AgNPs, including physical (Brobbey et al. 

2017; He, Ren, and Chen 2017), chemical (Han et al. 2017; Khatoon et al. 2017), 

physicochemical (Verma et al. 2017) and biological synthesis approaches (Dutta et al. 
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2017; Singh et al. 2017). Recent results show that the properties of AgNPs largely vary 

based on the diversified synthesis processes (Akter et al. 2018). 

 

Among the metal NPs, AgNPs have the highest degree of commercialization due to 

their known antimicrobial properties (Gopinath et al. 2010; Sotiriou and Pratsinis 2011; 

Youngs et al. 2012; Guo et al. 2014; Dubey et al. 2015). AgNPs are important in many 

industries, such as pharmaceuticals, cosmetics, textiles, surface coatings, electronic 

components, and food packaging (Nadagouda, Speth, and Varma 2011; Benn et al. 

2010).  

The use of silver as a bactericide and fungicide has been known for more than 20 

centuries. In the 19th century its use in medicine was widespread, but it declined with 

the advent of antibiotics (Hobman and Crossman 2015). However, problems arising 

from the emergence of antibiotic resistant strains have led to renewed interest in silver 

as an antibiotic agent. Recent studies have confirmed that silver particles have effects 

against a wide spectrum of Gram-negative and Gram-positive bacteria and some also 

exhibit anti-fungal and antiviral activity (Rai, Yadav, and Gade 2009). Currently, 

nanosilver is perhaps the most preferred antimicrobial nanomaterial and AgNPs 

coatings have been used to inhibit the unwanted growth of bacterial biofilms in medical 

catheters, prostheses, heart valves, etc. (Ivask et al. 2014). Direct contact between a 

bacterial cell and AgNPs’ surface enhances the toxicity of nanosilver. More specifically, 

cell-NP contact increases the cellular uptake of particle-associated Ag ions, generating 

toxicity (Bondarenko, Juganson, et al. 2013). 

 

Even if AgNPs possess tremendous advantages that recommend them for novel 

biomedical applications, their toxicity recently became an intensive subject of study 

(Burdușel et al. 2018). AgNPs could be released into the environment during the 

production, transport, erosion, washing, and disposal of AgNPs products (Nowack and 

Mueller 2008). There are two major classes of products which expedite the release of 

AgNPs into the environment: the cosmetics and healing lubricants, which via dermal 

exposure are eventually released into water bodies while bathing, and the nanomaterials 

incorporated into textile fabrics, which upon washing are released into the water stream 

(Wiesner et al. 2009). The broad industrial applications have high potential to increase 

environmental exposure, and it may have negative impacts on the ecosystems and pose 

a threat to ‘‘non-target’’ organisms, such as natural microbes and aquatic biota (Fabrega 

et al. 2011; Anjum et al. 2013). AgNPs are of especially high concern, because 
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according to the recent scientific literature, aquatic species are extremely sensitive to 

AgNPs (Kahru and Dubourguier 2010; Bondarenko, Juganson, et al. 2013). 

 

The intrinsic biocide activity of AgNPs is influenced by different physicochemical 

features, including morphology, size, dissolution states, surface charge, and surface 

coating (Durán et al. 2016; Koduru et al. 2018). Cell type, exposure time, and amount of 

AgNPs also play an important role in cytotoxicity. The shape of the AgNPs might 

influence the cellular uptake mechanism (diffusion, phagocytosis and endocytosis), 

which in turn modulates the cytotoxicity (AshaRani et al. 2009). The concentration 

range of NPs that can induce toxicity depends on the particle size, type of medium, 

temperature, and time of exposure (Kittler et al. 2010). More aggregated particles 

showed fewer effects on the cellular level (Lankoff et al. 2012). The NPs surface 

coating defines much of their bioactivity. Therefore, it is one of the main factors 

influencing the final toxicological outcome (Ashkarran et al. 2012; Lesniak et al. 2013). 

For better understanding of NPs toxicity, it is important to explore their 

physicochemical properties in the media where the biological toxicity tests are 

performed. As dissolution is one of the main contributors to the toxicity of AgNPs (Holl 

2009; Casals, Gonzalez, and Puntes 2012), it is important to distinguish the effect of Ag 

ions and AgNPs (Johnston et al. 2010; Bouwmeester et al. 2011). Several studies have 

shown that AgNP-induced toxicity is triggered by microbial membrane damage, caused 

by the attachment of AgNPs on the cell surface, and subsequent structural and 

functional alterations (such as gap formation and membrane destabilization); and 

microbial sub-cellular structure damage, caused by the release of free Ag ions and 

subsequent reactive oxygen species (ROS) generation or essential macromolecule 

(proteins, enzymes, and nucleotides) inactivation (Foldbjerg et al. 2009; Durán et al. 

2016; Akter et al. 2018).  

 

Studies of the toxicity mechanisms are crucial for understanding the impact of NPs on 

the living organisms and to explore the functional and long terms applications of 

AgNPs. These studies are crucial for the design of more efficient nano-antimicrobials, 

and evenly for the design of nanomaterials that are biologically and/or environmentally 

benign throughout their life-cycle. The toxicity effects induced by AgNPs have been 

evaluated using numerous in vitro and in vivo models, but still there are contradictions 

in interpretations due to disparity in methodology tested (Dubey et al. 2015). Only a few 

specific genes have been found to be influenced specifically by NPs till now, and it 
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would be helpful to check the entire gene expression profile. Previous studies, that 

analyze the gene expression profile of unicellular eukaryotes exposed to AgNPs, lack a 

control for the evaluation of the Ag ions effect (Simon et al. 2013; Pan, Zhang, and Lin 

2018).  

 

In the current study we used the freshwater ciliate Tetrahymena thermophila to 

elucidate the environmental effects of AgNPs using next-generation sequencing 

technologies (Marioni et al. 2008). T. thermophila is an ecologically relevant model 

organism for nanotoxicology (Mortimer, Kahru, and Slaveykova 2014; Mortimer et al. 

2014; Mortimer et al. 2016). It has the advantages of a short life cycle, cosmopolitan 

distribution, simplicity, high degree of reproducibility, and quick responses to 

environmental disturbances. In addition, although it is unicellular, it possesses most of 

the conserved cell structures and molecular processes found in multicellular eukaryotes. 

With this approach, we expected to obtain a global and reliable vision of the changes 

occurring in gene expression after exposure to Collargol (well characterized protein-

stabilized AgNPs). We also compared the results with the effect of the soluble silver salt 

AgNO3 to evaluate the contribution of the dissolved silver to the overall toxic effect of 

AgNPs. We tested two sub-lethal concentrations to evaluate the impact of these 

substances in viable cells after 24 h of exposure. The experimental RNA sequencing 

results were compared with the control to evaluate quantitatively the inhibition or 

increase of gene expression due to NPs or silver ions. Then, gene set enrichment 

analysis was performed and by complementing the differential expression analysis 

information with the Tetrahymena functional genomic database TetraFGD (Miao 

Laboratory 2017), we contributed to a better understanding of the mechanism of AgNPs 

toxicity.  

 

 

1.2 Experimental procedures 

 

1.2.1 Chemicals 

Casein-coated colloidal silver NPs, called Collargol (batch N 297, from Laboratories 

Argenol S. L.) dispersed in MilliQ water at 1 g/L and AgNO3 as a 0,1 M solution 

(Sigma-Aldrich) were kindly supplied by Dr. K. Juganson (NICPB, Tallinn, Estonia). 

Stock suspensions and solutions of silver compounds were stored at 4°C in the dark. 
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The dilutions of NPs and AgNO3 were prepared in MilliQ water. Physicochemical 

characterization of this type of AgNP have been reported previously (Blinova et al. 

2013; Bondarenko, Ivask, et al. 2013) and are summarized in Table 1 (Juganson et al. 

2017). 

 

Table 1. Physicochemical parameters of AgNPs (Collargol) (Modified by Juganson et al. 2017). 

 

Parameter  Reference 

Primary size (diameter) 14.6 ± 4.7 nm 
(Bondarenko, Ivask, et al. 

2013) 

Coating 
casein (30% of total 

mass) 

(Bondarenko, Ivask, et al. 

2013) 

Shape according to TEM Spherical (Blinova et al. 2013) 

Hydrodynamic diameter in MilliQ 

water 
44 nm (pdi = 0.2) 

(Bondarenko, Ivask, et al. 

2013) 

Zeta potential in MilliQ water -42.7 mV (Blinova et al. 2013) 

Solubility in MilliQ water 6.9% at 5 mg/L in 24 h (Käosaar et al. 2016) 

 

TEM = transmission electron microscopy; 

pdi = polydispersity index; 

MilliQ water = ultrapure water. 

 

 

1.2.2 T. thermophila strain CU428 culture  

T. thermophila strain CU428, whose macronuclear genome is sequenced, was kindly 

supplied by Professor W. Miao (IHB, CAS, Wuhan, China). 

100 µl of cells were transferred to 5 ml of SPP medium (2% protease peptone, 0,1% 

yeast extract, 0.2% glucose and 0.003% Fe-EDTA) supplemented with the antibiotics 

streptomycin sulphate and penicillin G, at 250 µg/ml (CARLO ERBA Reagents), and 

the fungicide amphotericin B at 1.25 µg/ml (CARLO ERBA Reagents). The cells were 

incubated at 30°C under shaking in a glass flask to grow o/n. Cell density was 

determined by counting the cells in a haemocytometer (Neubauer). To allow the 

counting, T. thermophila cells were fixed in 5% formalin (Mortimer, Kasemets, and 

Kahru 2010). When cells were in their logarithmic growth phase, with a doubling time 

of less than 3 h and a density of about 3 ~ 4×105 cells/ml, they were harvested by 

centrifugation at 1300 rpm for 5 min, at room temperature, and washed twice with 

MilliQ water. 
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1.2.3 Toxicity test  

100 µL of T. thermophila culture, with a density of 106 cells/ ml, was added to 100 µL 

of test solutions (Collargol and AgNO3 at different concentrations in MilliQ water) in 

triplicate. After 24 h exposure in 96-well plates at 25°C in the dark, the toxicity of 

Collargol and AgNO3 was evaluated by measuring the cellular ATP content using the 

luciferin-luciferase assay (Sigma-Aldrich). The toxicity test has been performed In the 

Laboratory of Environmental Toxicology of the National Institute of Chemical Physics 

and Biophysics of Tallinn (Estonia) (Juganson et al. 2017; Jemec et al. 2016; Mortimer, 

Kasemets, and Kahru 2010). 

 

 

1.2.4 Exposure of T. thermophila to silver compounds 

T. thermophila CU428 strain was exposed to two sub-lethal concentrations of Collargol 

at 10 mg Ag/L and 20 mg Ag/L. AgNO3 was used as a control for dissolved Ag ions, 

expected to be present in AgNP dispersions, respectively at 0.76 mg Ag/L and 1.5 mg 

Ag/L of AgNO3, as previously determined by Juganson et.al. 2017.  

In the current study, the exposures were conducted in MilliQ water to avoid interactions 

of media components with AgNPs and dissolved Ag ions. T. thermophila, is known to 

survive in water for at least a week (Koppelhus, Hellung-Larsen, and Leick 1994), and 

the starved cells undergo physiological, biochemical and molecular changes (Cassidy-

Hanley 2012). However, these were not crucial factors in interpreting the results 

because the exposures to AgNPs and control chemicals occurred in the same conditions. 

Thus, any difference in gene expression or physiology of protozoa were assumed to be 

induced by the chemical exposures (Juganson et al. 2017).  

 

The experiment has been performed in triplicate, in 6-well plates, non-tissue culture 

treated, with each well filled with 5 ml of T. thermophila culture, with a density of 

5.5×105 cells/ml. 0.5 ml of the toxicants were added to the cells and 0.5 ml of MilliQ 

water to the controls; the final cell density was 5×105 cell/ml. The plates were incubated 

at 25°C in the dark. Visible light was avoided since it promotes the biosynthesis of 

AgNPs from Ag ions by T. thermophila (Juganson et al. 2013). The cells have been 

visualized with light microscope to monitor any changes. 
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1.2.5 RNA isolation  

After 24 h exposure, 5.5 ml of T. thermophila culture, with a density of 5×105 cells/ml, 

were collected by centrifuging for 15 min at 3000 rpm. The cell pellet was dissolved in 

TRI Reagent (Sigma-Aldrich) and RNA was isolated according to the manufacturer’s 

protocol. Agarose gel electrophoresis (1%), NanodropTM 1000 UV-Vis 

Spectrophotometer (Thermo Fisher Scientific) and Agilent 2100 Bioanalyzer (Agilent 

Technologies) were used to check the integrity, concentration and quality of RNA. 

 

 

1.2.6 RNA sequencing and bioinformatic analysis  

RNA-Seq data were obtained for 16 RNA samples of T. thermophila (4 samples without 

toxicants as controls, 3 samples stressed with Collargol 10 mg Ag/L, 3 samples stressed 

with Collargol 20 mg Ag/L, 3 samples stressed with AgNO3 0.76 mg Ag/L and 3 

samples stressed with AgNO3 1.52 mg Ag/L) using an Illumina NextSeq 500 deep 

sequencing system (producing paired-end reads with an Illumina 1.9 encoding and 75 

bp of read length). Library preparation was conducted with the Illumina TruSeq 

Stranded mRNA Library Preparation Kit and the reads quality, obtained from the 

sequencing, was checked using the FastQC software (Andrews S. 2010). Transcriptome 

assembly was performed using the Trinity package included in the “RNA-Seq De novo 

Assembly” section of Blast2GO (Grabherr et al. 2011), and a range from 84.7% to 85% 

of paired-end reads were mapped to the T. thermophila transcriptome obtained from the 

Tetrahymena Genome Database (TGD) (Stover et al. 2006).  

Then the experimental samples were compared with the control to evaluate 

quantitatively the inhibition or increase of gene expression due to NPs or silver ions. 

The Differential Expression Analysis (DEA) was carried out using the edgeR package 

(TMM as normalization method and GLM likelihood ratio test as statistical test), 

included in the “Pairwise Differential Expression Analysis” section of Blast2GO 

(Robinson, McCarthy, and Smyth 2009) to calculate normalized fold change and 

counts-per-million (CPM) ensuring that expression levels for different genes and 

transcripts can be compared across runs. Stringent default criteria were set: genes 

showing |log2 (fold change)| > 1 and FDR < 0.05 in all the 3 replica are defined as 

Differential Expressed Genes (DEGs). 

To assign gene function to contigs, the Gene Set Enrichment Analysis (GSEA) in 

Blast2GO (Götz et al. 2008) was performed. 
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1.2.7 Gene expression validation 

Real-time PCR was used to confirm the effects of Collargol and AgNO3 on the 

expression levels of selected genes listed in Table 2. Genes among the DGE list were 

selected considering their physiological expression profile in TetraFGD (Miao 

Laboratory 2017) and their associated biological role. Primers (Thermo Fisher 

Scientific) were designed using the Primer-BLAST application included in the NCBI 

website. The specificity of each primer set and annealing temperature to optimize PCR 

conditions and the fluorescence signal specificity of PCR amplification were confirmed 

through assessment of the product melting curves and the efficiency was between 

94.7% and 102.4% with r2 = 0.99. 

800 ng of each RNA sample were retrotranscribed to cDNA using an iScript gDNA 

Clear cDNA Synthesis Kit (Bio-Rad) with iScript DNase to digest genomic DNA 

contamination. 0.3 μL (12.5 ng) of cDNA from each sample was used in qPCR using 

SsoAdvanced Universal SYBR Green Supermix and the CFX Connect Real-Time PCR 

Detection System (Bio-Rad). All reactions were performed in triplicate in a final 

volume of 20 μl. Thermal cycling conditions were as follows: 3 min denaturation at 

98°C followed by 40 cycles for 15 sec denaturation at 98°C, 30 sec annealing and 

elongation at 60. 17S rRNA and Hsp705 genes were references for normalization, and 

the relative amount of mRNA was calculated using the 2−ΔΔCt method (Livak and 

Schmittgen 2001). 
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Table 2. List of primers used in this study. 

 

Gene name Primer Sequence 

Ribosomal protein 

(GenBank: M10932.1) 

17S* FW: 5’ GAATTGACGGAACAGCACACC 3’ 

RV: 5’ TCACTCCACCAACTAAGAACGGC 3’ 

HSP70a paralog 

SSA5 (TTHERM_00558440) 

hsp705* FW: 5’ TCTCAAAGCCAGTCAAGAATGC 3’ 

RV: 5’ GCCATAAGCAATAGCAGCAGC 3’ 

Metallothionein 

(TTHERM_00660230) 

MTT5* FW: 5’ GTCGGTTCAGGAGAAGGATGC 3’ 

RV: 5’ CCTCCAGGGCAGCATTCTTTAG 3’ 

Metallothionein 

(TTHERM_00241640) 

MTT1* FW: 5’ GCGGATGTTGCTGCGTAAGTAA 3’ 

RV: 5’ GGGATCAAAGCAGCAGGGTTTA 3’ 

Metallothionein 

(TTHERM_00433530) 

MTT4 FW: 5’ GTTACTGAAAGCTGTGGCTGC 3’ 

RV: 5’ ATGCGGTTCTACTTCTAACTGTAAATGC 3’ 

Hemoglobin 1 

(TTHERM_00535150) 

HEM1 FW: 5’ CTTACTATGCTTTTAGGAGGACCCAA 3’ 

RV: 5’ CATTGAGAATCTTGCCGCCAC 3’ 

CaTHepsin 12 

(TTHERM_00561510) 

CTH12 FW: 5’ GAATGCCAGATAAATTGTCAGACGTG 3’ 

RV: 5’ CTCATAATAACGCTACTATTGGTCTAACTC 3’ 

HSP70a paralog 

SSA4 (TTHERM_01080440) 

hsp703* FW: 5’ TCTAAAAGCTAAGTCCACGAAGTT 3’ 

RV: 5’ AACCAGTTAGAATTGCAGCCTATA 3’ 

26S proteasome subunit P45 fam. 

Prot. (TTHERM_00551090) 

RPT6 FW: 5’ GGACGCCGAAGAAAACTTAGGT 3’ 

RV: 5’ ACAAGGAAGCCTTAAAGAAGACTATTGG 3’ 

26S proteasome non-ATPase reg. 

subunit 6 (TTHERM_00191240) 

RPN7 FW: 5’ GGACGCCGAAGAAAACTTAGGT 3’ 

RV: 5’ ACAAGGAAGCCTTAAAGAAGACTATTGG 3’ 

 

*17S, hsp705, MTT5, MTT1 and hsp703 primers have been previously used in (Juganson et al. 

2017). 

 

 

1.2.8 Data analysis 

For the toxicity test, the concentration-effect curves by the log-normal model were 

constructed and the EC50 values (the effective concentration that induces a response in 

50% of the population) with 95% confidence intervals were calculated based on 

nominal concentrations using REGTOX software for Microsoft Excel™ (Vindimian 

2001). All data were expressed as the average of three independent experiments ± 

standard deviation (SD). 

For qPCR experiments the statistical analyses were performed with CFX Maestro™ 

Software for Bio-Rad CFX Real-Time PCR Systems. One-way ANOVA analyses were 

used to assess significant differences (p < 0.01). 
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1.3 Results and discussion 

 

1.3.1 Toxicity test  

We first verified that the toxicity of AgNPs increased in a concentration-dependent 

manner. Based on this result, we selected two sub-lethal concentrations of Collargol, at 

10 mg Ag/L and 20 mg Ag/L. In order to see the effects of AgNPs in viable cells and 

evaluate their impact in the gene expression, only sub-lethal concentrations were used 

for the RNA-sequencing analysis after 24 h exposure. We decided to investigate the 24 

h exposure condition since it was considered more consistent for the biological model 

considering its doubling time. 

AgNO3 was used as an ionic silver control, at concentrations equal to the dissolved 

silver concentration in the dispersion of AgNPs. Specifically, 0.76 mg Ag/L and 1.52 

mg Ag/L of AgNO3 were used (Figure 4). 

T. thermophila is known to show a higher tolerance to Ag compounds (EC50 values in 

Table 3) than other freshwater invertebrates (Juganson et al. 2013; Juganson et al. 

2017). Such results are remarkable considering that the toxicity assays were performed 

in MilliQ water, where the effects of the medium components on the Ag ions 

complexation and speciation were eliminated. These features are presumably a result of 

the adaption to high environmental concentrations of pollutants as protozoa are also 

present in the wastewater purification process (Esteban, Tellez, and Bautista 1991). 

Indeed, the EC50 after 24 h of exposure to the toxicants is higher than the EC50 after 2 h. 

Changes in the cells were visible in AgNPs exposed samples, where food vacuoles 

appeared dark after 2 h and 24 h exposure (Figure 5), due to internalised AgNPs After 

24 h extracellular agglomerates of expelled food vacuole contents were also present (not 

shown in the picture). 
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Figure 4. Viability of T. thermophila strain CU428 upon exposure to Ag compounds for 2 and 

24 h: a concentration-effect analysis. Data points are the average values of at least 3 replicates 

and error bars indicate standard deviations. ATP concentration was used as a viability endpoint. 

Concentration-effect curves were generated using REGTOX software for Microsoft ExcelTM. 

 

 

 

Table 3. EC50 values (95% confidence intervals). 
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 Control AgNO3 1.52 mg Ag/L Collargol 20 mg Ag/L 

2 h 

   

24 h 

   

 

Figure 5. Images of live T. thermophila cells after 2 h and 24 h incubation in MilliQ water 

(Control) and exposure to sub-lethal concentration of 20 mg Ag/L of AgNPs or 1.52 mg Ag/L 

of AgNO3 in MilliQ water. Arrows indicate food vacuoles filled with AgNPs (Collargol 20 mg 

Ag/L).  

 

 

1.3.2 Differentially expressed genes (DEGs) 

To explore the overall differences between the expression profiles of the different 

samples we clustered them in two dimensions using multi-dimensional scaling (MDS) 

plots. This is both an analysis step and a quality control step. The distance between each 

group of samples can be interpreted as the leading log-fold change between the samples 

for the genes that best distinguish that group of samples. (Chen, Lun, and Smyth 2016). 

The MDS plot shows that replicates from the same treatment cluster together, while 

samples from different treatments are well separated. In other words, differences 

between different treatments are larger than those within the same treatment, meaning 

that there are likely to be statistically significant differences between different 

treatments. It also verified the reproducibility and reliability of the RNA-Seq data. 

(Figure 6). 

The expression profiles of the control samples are in agreement with the data available 

on TetraFGD (Miao Laboratory 2017) after 24 h of starvation. The number of DEGs at 

different concentration is shown in Figure 7. Both Ag compounds resulted in either 

inhibition and increase of gene expression. AgNPs clearly affected a higher number of 

genes. As summarised in Figure 7, there are 43 DEGs (37 up and 6 down-regulated) are 

in the sample exposed to Collargol 10 mg Ag/L and 271 DEGs (201 up and 70 down-
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regulated) in the sample exposed to Collargol 20 mg Ag/L. 5 up-regulated genes in T. 

thermophila exposed to AgNO3 0.76 mg Ag/L and 54 DEGs (52 up and 2 down-

regulaed) in the sample exposed to AgNO3 1.52 mg Ag/L.  

32 DEGs changed their expression only in the incubation with AgNO3, 24 genes are 

affected by both Ag compounds, 257 differentially affected genes are specifically 

affected by Collargol and most of them (223 genes) are triggered only at the highest 

Collargol concentration (Figure 8).  

In many cases there is a linear tendency (of up or down regulation) that is concentration 

dependent. To obtain a global visualization of the results, we generated heatmaps for all 

DEGs under each stress condition (Figure 9 and Table 4). 

 

 

 
 
Figure 6. The MDS plot explores the overall differences between the expression profiles of the 

different samples. It shows similarity between samples in which distances correspond to leading 

log-fold-changes (Leading logFC) between each pair of RNA samples. The leading log-fold-

change is the average (root-mean-square) of the largest absolute log-fold-changes between each 

pair of samples. Each colour indicates a different treatment and each square represents one 

treatment replica. The numbers in the data labels stand for the concentration of each compound. 
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Figure 7. Histogram showing the number of DEGs in each compared group. 
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Figure 8. Venn diagram showing DEGs among the four treatments.(Oliveros 2015). 
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Collargol 20 mg Ag/L Control 

 

 

Figure 9. Heatmaps of all DEGs between different treatment groups. CPM values are used to 

generate the heatmaps. The numerical values are represented by a range of colours, from red 

(more expressed) to green (less expressed). The dendrograms added to the left and top side are 

produced by a hierarchical clustering method that takes as input the Euclidean distance 

computed between genes (left) and samples (top). A) AgNO3 0.76 mg Ag/L. B) AgNO3 1.52 mg 

Ag/L. C) Collargol 10 mg Ag/L. D) Collargol 20 mg Ag/L. The genes list is not displayed in 

Figure 9.D) because it is not readable; involved genes are listed in Table 4. 
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Table 4. List of 271 DEGs in Collargol 20 mg Ag/L shown in Figure 9.D. 

a)
 1

 -
 1

5
 

1 TTHERM_00529930  

d
) 

4
6
 -

 6
0

 

46 TTHERM_00301860 

2 TTHERM_00039010  47 TTHERM_000043960 

3 TTHERM_00433520  48 TTHERM_000440549 

4 TTHERM_00660230  49 TTHERM_00365350 

5 TTHERM_00640030  50 TTHERM_00798120 

6 TTHERM_00142420  51 TTHERM_00211510 

7 TTHERM_01222600  52 TTHERM_00498240 

8 TTHERM_00569200  53 TTHERM_00069540 

9 TTHERM_00251190  54 TTHERM_00405450 

10 TTHERM_00535150  55 TTHERM_00234140 

11 TTHERM_00058260  56 TTHERM_000947489 

12 TTHERM_00160810  57 TTHERM_00798150 

13 TTHERM_00804710  58 TTHERM_00187230 

14 TTHERM_00954210  59 TTHERM_000566889 

15 TTHERM_00462900  60 TTHERM_01080440 

b
) 

1
6
 -

 3
0

 

16 TTHERM_00249710  

e)
 6

1
 -

 7
5

 

61 TTHERM_00160800 

17 TTHERM_00572020  62 TTHERM_00046090 

18 TTHERM_00079730  63 TTHERM_00961860 

19 TTHERM_00529870  64 TTHERM_00439070 

20 TTHERM_00239090  65 TTHERM_00030430 

21 TTHERM_00191240  66 TTHERM_000452041 

22 TTHERM_00661650  67 TTHERM_000735269 

23 TTHERM_00420410  68 TTHERM_00568050 

24 TTHERM_01049360  69 TTHERM_00475050 

25 TTHERM_00102730  70 TTHERM_00688790 

26 TTHERM_00655970  71 TTHERM_00773550 

27 TTHERM_000723629  72 TTHERM_00004850 

28 TTHERM_00503800  73 TTHERM_00151150 

29 TTHERM_00890130  74 TTHERM_00051700 

30 TTHERM_00318570  75 TTHERM_00962090 

c)
 3

1
 -

 4
5

 

31 TTHERM_00497060  

f)
 7

5
 -

 9
0

 

76 TTHERM_00426250 

32 TTHERM_00145060  77 TTHERM_000723219 

33 TTHERM_00227040  78 TTHERM_00498140 

34 TTHERM_00717640  79 TTHERM_00526310 

35 TTHERM_01205320  80 TTHERM_01141610 

36 TTHERM_00943020  81 TTHERM_00535500 

37 TTHERM_00446110  82 TTHERM_00152000 

38 TTHERM_00313800  83 TTHERM_00971980 

39 TTHERM_000529532  84 TTHERM_00760550 

40 TTHERM_00666640  85 TTHERM_00575380 

41 TTHERM_00138010  86 TTHERM_00187260 
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1.3.3 Gene Set Enrichment Analysis (GSEA) 

The GSEA of these DEGs indicated their involvement in various pathways. Most of the 

DEGs reported here, are induced by exposure to AgNPs. These genes are involved in 

various biological processes (BP) and molecular functions (MF), e.g.: transport, ion 

transport, response to stress and to stimulus, protein phosphorylation, oxidation-

reduction process, response to oxidative stress and glutathione peroxidase activity 

(Figure 10). 

Both AnNPs and AgNO3 treatments trigger the DEGs involved in ion binding 

mechanisms and the proteolysis pathway (Figure 11). The enrichment of proteolysis 

pathway genes is a signal of protein damage that is possibly caused by the oxidative 

damage produced by Ag compounds (Pan, Zhang, and Lin 2018). 

AgNO3 treatment is specifically associated with the upregulation of genes encoding 

vesicle-mediated transport membrane proteins (Figure 12) which can be explained by 

the fact that the ciliate T. thermophila is able to internalize metal ions by phagocytosis. 

This means that the cell is exposed not only through its cell surface but also via internal 

membranes (Juganson et al. 2017; Mortimer, Kasemets, and Kahru 2010; Kahru et al. 

2008).  
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Figure 10. Collargol-specific GO term enrichment analysis of DEGs. GO terms are divided in 

molecular function (MF) and biological processes (BP) GO categories. 
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Figure 11. AgNO3 and Collargol shared GO term enrichment analysis of DEGs. GO terms are 

divided in molecular function (MF) and biological processes (BP) GO categories. 

 

 

 

 

 
 

Figure 12. AgNO3-specific specific GO term enrichment analysis of DEGs. GO terms are 

divided in cellular components (CC) and biological processes (BP) GO categories. 
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1.3.4 Generation of oxidative stress by AgNPs 

Oxidative stress is a cellular damage mechanism caused by a high concentration of free 

radicals, including the so-called reactive oxygen species (ROS). It occurs when the 

formation of free radicals is higher than their elimination. All organisms have 

mechanisms to detoxify the oxidants or to repair the damage caused by ROS, including 

superoxide dismutases, catalases, peroxidases, glutathione, thioredoxin and heat shock 

proteins (Koduru et al. 2018), which are quite conserved from prokaryotes to 

eukaryotes. The expression of the genes coding these proteins (oxidative stress genes) is 

induced by changes in the concentration of ROS (Espinosa-Diez et al. 2015).  

These results suggest that AgNPs induce oxidative stress in the cells in a concentration 

dependent way, since, thioredoxin and glutathione reductase family proteins and GPX 

are up-regulated compared to untreated cells, especially at the highest AgNPs 

concentration (Figure 13, Table 5). Tetrahymena haemoglobin is a small oxygen-

binding hemoprotein evolved with a truncated structure. Various biochemical functions 

other than the more conventional oxygen transport or storage have been proposed for 

this primitive or ancient hemoglobin, but the precise in vivo activity is still unclear 

(Wittenberg et al. 2002). The HEM1 gene is not only upregulated under AgNPs stress, 

but also by AgNO3 1. 52 mg Ag/L (Figure 13, Table 5), thus indicating that this gene 

plays an important role in the oxidative stress response, more than what has been 

described so far. 

Another route could be the activation of an inflammatory response, or a response to 

stimulus. Although the exact mechanism whereby NPs induce pro-inflammatory effects 

is not known, it has been suggested that phagocytized NPs can induce an inflammatory 

response, consequently leading to generation of reactive oxygen species and reactive 

nitrogen species. The oxidative stress results in the release of pro-inflammatory 

mediators or cytokines in higher organisms.  
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Figure 13. Heatmaps of DEGs of two top scored Biological Processes between different 

treatment groups: Oxidation–reduction process and Response to stimulus. CPM values are used 

to generate the heatmaps. Yellow arrows indicate genes that are significantly upregulated with 

at least 4-fold change. The colours range indicates the gene expression levels from purple (high 

expression) to light blue (low expression) The genes common names are listed in Table 5. 
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Table 5. Named DEGs in two of the top scoring Biological Processes displayed in the heatmaps 

in Figure 13. Blue box = Oxidation–reduction process GO:0055114. Black box = Response to 

stimulus GO:0050896. 

 

TTHERM_00449110 
Catalytic LigB subunit of aromatic ring-opening dioxygenase family 

protein 

TTHERM_00460610 
Catalytic LigB subunit of aromatic ring-opening dioxygenase family 

protein 

TTHERM_00503780 
Catalytic LigB subunit of aromatic ring-opening dioxygenase family 
protein 

TTHERM_01222600 thioredoxin and glutathione reductase family protein 

TTHERM_00142420 thioredoxin and glutathione reductase family protein 

TTHERM_00695600 thioredoxin and glutathione reductase family protein 

TTHERM_00318570 citrate synthase 

TTHERM_00160800 oxidoreductase, FAD/FMN-binding family protein 

TTHERM_00069540 oxidoreductase, FAD/FMN-binding family protein 

TTHERM_00274520 oxidoreductase, aldo/keto reductase family protein 

TTHERM_00145060 Oxidoreductase, zinc-binding dehydrogenase family protein 

TTHERM_00760550 Oxidoreductase, zinc-binding dehydrogenase family protein 

TTHERM_00145070 Oxidoreductase, zinc-binding dehydrogenase family protein 

TTHERM_01194830 BBC23 AhpC/TSA family protein 

TTHERM_00895640 GPX4 (Glutathione PeroXidase) 

TTHERM_00895630 GPX6 (Glutathione PeroXidase) 

TTHERM_00046110 GPX7 (Glutathione PeroXidase) 

TTHERM_00046090 GPX8 (Glutathione PeroXidase) 

TTHERM_00640030 conserved hypothetical protein 

TTHERM_00535150 HEM1 (HEMoglobin 1) 

TTHERM_00439070 protozoan/cyanobacterial globin family protein 

 

 

 

Nevertheless, more than half of the significant DEGs are not associated with any gene 

ontology (GO) term nor to a Kyoto Encyclopedia of Genes and Genomes (KEGG) value 

and are annotated in the TGD (Stover et al. 2006) as hypothetical or putative proteins, 

without identified related proteins in other organisms (Figure 14 and Table 6). This 

means that the effects conveyed by AgNPs do not only activate the regular and known 

response to stress, response to stimulus, oxidation-reduction and transport pathways 

(just to name some process) but it triggers also other proteins which are not 

characterized yet. These results open the way to the discovery of new mechanisms of 

stress response by metals. Considering the fact that T. thermophila is a model organism 

easily manipulated by gene transfection and reverse genetics, the investigation of new 

gene function is challenging but possible. 
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Figure 14. Number of DEGs with known and unknown function. 
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Table 6. Number of DEGs with known and unknown function. 
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1.3.5 Gene expression validation 

To validate the expression data obtained from RNA-Seq, 8 mRNAs that showed 

different expression patterns and are known to be involved in important biological 

functions were selected for further analysis using RT-qPCR (Figure 15). The qPCR 

results showed a strong correlation with the RNA-Seq analysis (R2 = 0.9506, Figure 

17). For each gene, the expression count values of RNA-Seq exhibited an expression 

profile very similar to that obtained by qPCR for all tested treatments (Figure 16). 

17S rRNA and hsp705 were used as housekeeping genes. I selected hsp705 as a control 

housekeeping gene not only due to my results in DGE analysis, but also in agreement to 

Juganson et al., 2017, which stated that there was no change in hsp705 expression in T. 
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thermophila strain CU428 after 24 h incubation with Collargol and AgNO3. Hsp703, 

MTT5, MTT1 were also previously investigated and by this qPCR analysis I could 

confirm both the previous data by Juganson et al., 2017 and the RNA-seq data of the 

present study. Both Ag compounds induced MTT5 up-regulation in a significant way. 

Moreover, MTT1 and MTT4 were up-regulated under these conditions, but with a 

higher fold change in the AgNPs stressed samples. The 5 T. thermophila 

metallothioneins (MTT) are usually divided in two groups according to the metal 

binding preferences that they show. MTT4 responds better to copper, while MTT1 and 

MTT5 (cadmiun induced) respond to a more general stress (Diaz et al. 2007; Espart et 

al. 2015). 

Cathepsin 12 (CTH12) DEGs validation confirms that its expression in down-regulated 

in cells exposed to Collargol 20. T. thermophila has 125 CTH genes. Two of them, CTH 

12 and CTH 7, are among the DEGs in Collargol 20: cth12 is downregulated and cth7 is 

upregulated. Cathepsins are proteases that, in response to certain signals, are released 

from the lysosomes into the cytoplasm where they trigger apoptotic cell death via 

various pathways (Chwieralski, Welte, and Bühling 2006). CTH12 is functionally 

associated to the proteolysis biological process together with other DEGs. Some of them 

are up-regulated others down-regulated by the presence of AgNPs. 

The RPT6 and RPN7 genes, encode components of the proteasome regulatory subunit 

N7 as it is shown in the schematic representation resulting from the KEGG Mapper – 

Search Pathway tool (Kanehisa et al. 2016) (Figure 18). These genes are both up-

regulated only in Collargol 20 treated cells, suggesting that such an induction in 

proteasome regulatory subunit expression is justified by the oxidative damage caused by 

AgNPs that may produce protein fragments that need to be removed, as this has been 

hypothesized for E. crassus (Pan, Zhang, and Lin 2018). 
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Figure 15. Heatmap illustrating the expression level of several DEGs in all samples exposed to 

the Ag compounds based on RNA-Seq. 
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Figure 16. The mRNA relative expression levels detected by qPCR. Error bars indicate ± s.d. of 

biological triplicates. A) expression profile of 3 genes differentially expressed in all the 

treatments. B) expression profile of 5 genes differentially expressed in the two treatments at 

highest Ag compounds concentration. 
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Figure 17. Correlation between qPCR and RNA sequencing results for the 8 selected genes. 

Each point represents a value of expression. R2 = 0.9587, with prediction bounds of 95%. 

 

 

 
 

Figure 18. Schematic representation resulting from the KEGG Mapper – Search Pathway tool 

(Kanehisa et al. 2016) which perform the enrichment of DEGs resulting from the treatment with 

Collargol 20 mg Ag/L. The enriched genes are marked in red. 
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1.4 Conclusions  

 

This research provides new evidence that AgNPs are toxic not only due to the released 

soluble silver ions as expected, but also to their intrinsic physicochemical features. 

In this work AgNO3 was used as an ionic silver control, at concentrations equal to the 

dissolved silver concentration in the water dispersion of AgNPs. In addition to several 

similarities in affected genes, many genes specifically affected by AgNPs were 

discovered, including new genes not yet annotated. This result is relevant to 

environmental safety, considering the increasing presence of NPs in the environment. 

For the first time we have the complete expression profile of a unicellular eukaryote 

induced by AgNPs, with the possibility to compare the effect of the silver ions dispersed 

in solution with the effect of AgNPs.  

These results also validated the protocol of DEGs analysis as very suitable for detecting 

genes involved in stress response (both inhibited and induced). 

Genes specifically induced respectively by Collargol and AgNO3 can be further studied 

to identify their transcriptional promoters, which would allow the development of 

biosensors by fusing the promoters to reporter genes.  

In our work we used well characterized and standardized AgNPs to provide a good 

reference for future work. Recent studies highlight the capacity of many organisms, 

specifically bacteria to produce NPs when exposed to soluble silver ions (Koduru et al. 

2018). For a future study it would be useful to compare the results of my work with 

those obtained by the exposure of the same model organism to biologically produced 

AgNPs. 
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2.1 Introduction and aims 

 

Ciliates have served as model organisms in many research fields, including cytology, 

zoology, evolutionary biology and genetics. In addition, they provide novel insight into 

epigenetic regulation due to their nuclear dimorphism (Nanney and Caughey 1953; 

Hammerschmidt et al. 1996). As a group of unicellular eukaryotes, they display a high 

level of diversity not only in morphology but also in structure, such as genome size, 

gene copy numbers, genome rearrangement and in their mechanisms of epigenetic 

regulation (Y. Wang et al. 2017).  

Ciliated protozoans are characterized by nuclear dimorphism, having two types of 

nuclei in the same cytoplasm. The polyploid transcriptionally active, somatic 

macronucleus (MAC), provides most gene expression during vegetative growth. In 

contrast, the diploid germline micronucleus (mic), which is organized in the form of 

conventional eukaryotic chromosomes, is transcriptionally inert during vegetative 

growth, ,but becomes transcriptionally active during conjugation  (Prescott 1994). 

Within the past decade, micronuclear, macronuclear and mitochondrial genome 

sequences of several ciliates have been reported (Aury et al. 2006; Eisen et al. 2006; de 

Graaf et al. 2009; Arnaiz et al. 2012; Swart et al. 2013; Chen et al. 2014; Hamilton et al. 

2016; Slabodnick et al. 2017). Genome studies have made a major impact on ciliate 

research (Y. Wang et al. 2017). More extensive investigations should be carried out on 

not-yet model ciliates, since it would be valuable to investigate the functional and 

evolutionary relationships among DNA elimination events in different, deeply divergent 

groups of ciliates (Vogt et al. 2013). Our laboratory for years has focused its attention 

on marine Euplotes species, particularly on the Antarctic E. focardii that is strictly 

adapted to the cold environment. This has made it possible to investigate the molecular 

characteristics of cold adaptations (Pucciarelli et al. 2009; Yang, De Santi, et al. 2013; 

Yang, Yang, et al. 2013; Yang et al. 2017).  

During asexual division, both nuclei divide and Euplotes secures its immediate survival 

by binary fission, producing standardized progenies of genotypes. Whereas, when cells 

of different mating types are mixed, under certain circumstances, they undergo sexual 

conjugation providing recombination genetic variety and physiological plasticity to face 

new environmental conditions (Dini 1984). 

Indeed, following mating, the ciliated protozoa undergo extensive changes in their 

genome, the old MAC is destroyed, and a new MAC is generated from a mitotic copy of 
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the mic. It is during this transformation of a copy of the mic into the new MAC that 

numerous genomic rearrangements occur, (Klobutcher and Jahn 1991) deleting large 

portions of germline DNA. 

MAC generation/development begins with rounds of total DNA replication resulting in 

the formation of polytene chromosomes(Klobutcher et al. 1998). The polytene 

chromosomes are then fragmented and up to 95% of the mic genome complexity is 

eliminated. The remaining DNA molecules undergo additional replication resulting in 

the mature MAC genome (Klobutcher, Huff, and Gonye 1988; Klobutcher et al. 1998). 

As a result of the chromosome fragmentation and DNA amplification events, the mature 

MAC contains 24,000-30,000 short linear DNA molecules (Lobanov et al. 2017 and 

unpublished data), with an average size of ~ 2 kbp, each highly amplified in differential 

copy number (1,000 as average) (Tausta et al. 1991). 

Two classes of DNA sequences involved in breakage and rejoining events have been 

defined in E. crassus. Three related families of transposable elements, Tecl, Tec2, and 

Tec3 are excised during MAC development (Baird et al. 1989; Jahn, Krikau, and 

Shyman 1989; Doak et al. 1994; Jacobs et al. 2003). The second class consists of short 

(31-374 bp) unique segments of DNA that have been termed "internal eliminated 

sequences" (IESs) (Baird et al. 1989). E. crassus IESs and Tec elements display some 

similarities. Both are bounded by a direct repeat of the dinucleotide 5'-TA-3', and 

excision has been shown to be precise such that one copy of the 5'-TA-3' repeat is 

retained in the resulting MAC DNA molecule (Tausta et al. 1991). The Tec elements are 

excised early in the polytenization process (Jahn, Krikau, and Shyman 1989), while the 

IESs are removed later (Tausta and Klobutcher 1990). Once excised, Tec elements and 

IESs assume free circular forms with an unusual heteroduplex junction region, as shown 

in Figure 19 (Klobutcher, Turner, and La Plante 1993; Jaraczewski, Frels, and Jahn 

1994). Tecl and Tec2 elements are 5.3 kbp in length with 700 to 725 bp terminal 

inverted repeats. Each element is present in 30,000 copies, and 50% of them interrupt 

"macronuclear-destined sequences" (MDSs) (Jaraczewski and Jahn 1993). Tec3 

elements are present in 20 to 30 copies in the micronuclear genome have long inverted 

terminal repeats and contain a degenerate open reading frame encoding a tyrosine-type 

recombinase (Jacobs et al. 2003). Moreover, multiple classes of IESs exist (Klobutcher 

1995). Some smaller IESs are excised later in macronuclear development, and their 

sequence resembles the telomeric repeat sequence of the organism (Klobutcher 1995; 

Hale et al. 1996). 

 



55 

 

 

 

 

Figure 19. Excision of lESs and Tec elements in E. crassus. In the top of the figure is shown an 

IES or Tec element in its mic chromosomal context with terminal 5'-TA-3'direct repeats. After 

the excision, a MAC DNA molecule that retains one copy of the element direct repeat is 

generated. The free circular element produced by the excision has both copies of the direct 

repeat plus 10 bp that match MAC DNA molecule sequence. From Klobutcher and Jahn 1991. 

 

E. crassus, displays some differences in the chromosome fragmentation and telomere 

addition process relative to the other ciliates (Klobutcher 1999). In T. thermophila, a 

cis-acting sequence elements termed "chromosome breakage sequence" (Cbs) has been 

demonstrated to be necessary and sufficient for chromosome breakage (Yao, Yao, and 

Monks 1990). The Cbs element resides between what will become the ends of two 

separate MAC chromosomes, and telomeres are ultimately added 4-22 bp from the ends 

of the Cbs. In E. crassus, instead, chromosome fragmentation and telomere addition are 

precise and reproducible. The likely cis-acting sequence specifying fragmentation can 

reside either near the end of the MDS, or in the flanking DNA. A 10 bp consensus 

sequence termed "Euplotes Cbs" (E-Cbs) has been identified (Baird and Klobutcher 

1989; Klobutcher et al. 1998; Klobutcher 1999). When the E-Cbs resides within the 

MDSs, the highly conserved core TTGAA sequence is located 17 bp from the site of 

telomere addition; when the E-Cbs is located in the flanking DNA, it is in inverted 

orientation with the core TTGAA positioned 11 bp from the telomere addition site 

(Möllenbeck and Klobutcher 2002). 

De novo telomere formation is tightly coupled to chromosome fragmentation and is 

known to be mediated by the telomerase enzyme (Yu and Blackburn 1991; Klobutcher 

1999). While the telomerase of vegetative cells can only add telomeric repeats to 

telomeric ends, a telomerase complex has been shown to be present in exconjugant cells 
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that adds telomeric DNA sequences de novo to non-telomeric ends (Greene and 

Shippen 1998). 

Despite the genome downsizing via DNA elimination required for the constitution of 

functional genes in the MAC, this nucleus contains a greater quantity of DNA than the 

mic: >95% of whole cell DNA in this organism is MAC (Klobutcher et al. 1981; Vogt 

et al. 2013).  

Every nanochromosome molecule (Figure 20) is flanked by short non-translated regions 

(5' leader and a 3' trailer) and bounded by telomeres (C4A4 repeats). A 3’ overhang is 

also present on both strands (Klobutcher et al. 1981). The 5' leaders have been 

hypothesized to contain sequences needed for transcriptional regulation, for 

specification of transcription start sites, and for origins of replication (Prescott 1994). 

 

 

 

 

Figure 20. Types of DNA processing and their developmental timing in the sexual phase of the 

E. crassus life cycle. Developmental timing of events, where time of mixing of two different 

mating types is 0 h and other events are referred to as time post mixing. From Karamysheva et 

al. 2003. 
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Euplotes has two translational peculiarities that can distinguish it from other ciliates: 

stop codon usage and +1or +2 programmed ribosomal frameshift (PRF). The stop codon 

UGA is used in Tetrahymena and Paramecium, while in Euplotes it is reassigned as the 

cysteine or selenocysteine codon (Turanov et al. 2009; Lobanov et al. 2017). The stop 

codons UAA and UAG in Tetrahymena and Paramecium encode glutamine while 

Euplotes uses both as stop codons (Salim, Ring, and Cavalcanti 2008). Euplotes species 

are so far the only ciliates reported to require +1 or +2 programmed ribosomal 

frameshift: a number of genes of euplotids have been reported to require this frameshift 

to express a functional protein (Jahn et al. 1993; Aigner et al. 2000; Doak et al. 2003; R. 

Wang et al. 2016; Lobanov et al. 2017). It has been hypothesized that frameshifting has 

evolved as a consequence of TGA-codon reassignment from stop to cysteine, thus 

weakening release-factor recognition of the remaining stop codons, TAA and TAG 

(Klobutcher and Farabaugh 2002; Vallabhaneni et al. 2009). 

Although in the recent years some Euplotes macronuclear genomes were sequenced 

(Lobanov, Hatfield, and Gladyshev 2009; Lobanov et al. 2017; R. Wang et al. 2018) 

and most of them are currently under improvement in annotation, Euplotes mic 

sequences are still not available. This gap is significant for our research, compared to 

other model ciliates. Also, molecular genetic tools in Euplotes species are far less 

powerful and the attempts to improve them will take advantages from an annotated 

genome. 

 

To address this gap in research, we developed a technique to isolate E. crassus 

micronuclear chromosomes with the more long-term objective to sequence and annotate 

them. We used the advantage that micronuclear DNA has a high molecular weight 

compared to the MAC DNA. The entire genome size of E. crassus is estimated to be 1.7 

x 109 bp (Klobutcher, L. A. 1986), since there are many chromosomes, the molecular 

weight of any one mic chromosome would be smaller, but still a lot more than a MAC 

chromosome. Thus, it appeared possible to purify mic from MAC DNA by Pulsed Field 

Gel Electrophoresis. We focused the attention on E. crassus because it is a marine 

species more easily grown in large cultures with respect to E. focardii and some 

information, as above reported is available on the mic genome. This work was 

supported by The Marine Microbiology Initiative (MMI, funded by Gordon and Betty 

Moore foundation) and developed in collaboration with the University of Bern and the 

University of Connecticut. 
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2.2 Results 

 

2.2.1 E. crassus micronuclear chromosomes isolation by PFGE 

We managed to optimize the E. crassus micronuclear chromosomes isolation protocol 

by PFGE. Different experimental conditions and outcomes which lead us in making 

progress are reported in Table 7. We adjusted the number of E. crassus cells per plug 

(150,000), the run time and the switch time. We added antibiotics to decrease the 

bacterial contamination. The gel cuts were done using the Lambda () ladder (Bio-Rad) 

(size range: 48.5–1,000 kbp) as an indicator of DNA dimensions to discard (see Figure 

21 and Figure 22). Moreover, since we did not want to lose the shortest mic 

chromosomes, we experimentally determined in which part of the gel the mic DNA 

was, actually, migrating through a technique called "IES retention PCR" described in 

the next chapter. Eventually, we estimated the yield that we could get from each run. 

 

Table 7. Summary of PFGE runs: 

Run Ab 
Number of 

E. crassus 

cells 

Run 

time 

Switch 

time 
Gel cut 

mic DNA 

quantity (µg) 

IES 

retention 

PCR result 

1st - 400,000 22 h 70s 2nd b 0.2 - 

2nd - 1,800,000 22 h 70s plugs 10.5 + 

70s (1) - 1,100,000 30 h 70s 

plugs 3.9 + 

2nd b 0.7 - 

70s (2) Amp 1,650,000 30 h 70s plugs 17.8 + 

90s Amp 1,650,000 30 h 90s 
plugs 2.3 + 

2nd b 2 + 

80s 

Amp 

and 

Kan 

1,650,000 30 h 80s 

plugs 1 + 

2nd b 0 - 

70s (3&4) Amp 3,900,000 30 h 70s plugs 10.9 * + 

 

 

Ab = antibiotic used; 

Amp = ampicillin; 

Kan = kanamycin; 

2nd b = 2nd band cut from the gel; 

plugs = 1st band cut from the gel, containing the plugs (E. crassus cells and low melting agarose 

assembly polymerized inside plug mold) inserted into the wells of the gel; 

*digested with RNase A. 
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Figure 21. PFGE gel, 70s (1) run, with 1,100,000 E. crassus cells. Gel cuts’ examples: plugs 

and 2nd band. The mitochondrial band (arrow) is located just below the one lambda band (48 

kbp, de Graaf et al. 2009). Lambda () ladder (Bio-Rad) size range: 48.5–1,000 kbp in 48.5 kbp 

increments. 

 

 

 

  

Figure 22. PFGE gel, 70s (3) run, with 3,900,000 E. crassus cells. From left to right Lambda () 

ladder (Bio-Rad), plug 1, plug 2, plug 3, plug 4, plug 5, plug 6, plug 7, plug 8, plug 9, plug 10, 

plug 11, plug 12, Lambda () ladder (Bio-Rad). 

 

 

      

plugs 
 

2nd band 
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2.2.2 IES PCR and Tec 2 PCR 

In the past years partial E. crassus mic sequences had been cloned and sequenced (Hale 

et al. 1996; Doak et al. 2003; Karamysheva et al. 2003), therefore some IESs and Tec 

elements sequences are known. To check if the DNA that we isolated belonged to the 

micronucleus, we performed PCR reactions to look for specific mic elements (IES-

PCR) using as primers oligonucleotides corresponding to the sequence located 

externally to the IES that means inside MDSs. If the DNA belongs to the mic it should 

retain the IES, if it simply belongs to the MAC the size should be shorter, without the 

IES retention because IESs are eliminated during MAC development  

In Figure 23 and Figure 24 are reported the results, obtained for specific mic elements, 

tested in the DNA samples isolated from the runs performed after antibiotic 

pretreatment on E. crassus culture. 

To get a wider analysis, two IESs (named IES 144 and IES 300) assumed to be located 

on different mic chromosomes, were tested. We tested also other known IESs that are 

thought to reside in the same mic chromosome together with IES 144, indeed they 

showed the same PCR retention pattern (results not shown). Moreover, we performed 

Tec 2 elements retention PCR, in this case using as primers oligonucleotides internal to 

the Tec elements. 

IES PCR results showed the IES retention in all the DNA samples isolated by PFGE, 

compared to the genomic DNA (gDNA) used as control that should contain the total 

MAC and mic DNA in their natural ratio 500:1, assuming a diploid mic and an average 

copy number of 1,000 for a typical MAC DNA molecule. In particular, the PCR with 

primers outside the 144 bp IES showed a similar pattern in the three runs (70 sec, 80 

sec, 90 sec switch time). Whereas, the PCR with primers outside the 300 bp IES showed 

a different pattern between the run at 70 sec switch time and the one at 90 sec switch 

time. 

Tec 2 PCR showed an amplicon in all the samples except for the DNA extracted from 

the 2nd band of the run at 70 sec switch time. 

‘IES144-’ and ‘IES144+’ gel bands were excised from the ‘plugs 70s’ sample and 

purified. The expected nucleotide sequence was then confirmed by Sanger Sequencing 

(BMR Genomics). 
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Figure 23. 1% agarose gel with IES PCR products separation. IESs retention is visible in all the 

DNA samples isolated by PFGE, compared to the gDNA sample. 

IES 144 = primers outside the 144 bp IES; IES 300 = primers outside the 300 bp IES; gDNA = 

E. crassus genomic DNA as PCR template; 70s = plugs gel cut from 70s (3) run as PCR 

template; 80s = plugs gel cut from 80s run as PCR template; 90s = plugs gel cut from 90s run as 

PCR template; L = 1 kb ladder (Thermo Scientific).  

 

 

 

 

 

 

Figure 24. 1 % agarose gel with Tec 2 PCR products separation. A Tec 2 amplicon is present in 

all the samples except for the 70s II sample. 

Tec 2 = primers internal to the Tec elements; L = 1 kb ladder (Thermo Scientific); gDNA = E. 

crassus genomic DNA as PCR template; 70s = plugs gel cut from 70s (1) run as PCR template; 

70s II = 2nd band cut from 70s (1) run as PCR template; 80s = plugs gel cut from 80s run as 

PCR template; 90s = plugs gel cut from 90s run as PCR template; 90s II = 2nd band cut from 

90s run as PCR template.  

 

 

810 bp 

510 bp 

253 bp 

109 bp 

                  IES 144                                     IES 300 

gDNA    70s      80s     90s         L      gDNA     70s     90s 

108 bp 

                                             Tec 2 

     L        gDNA    70s     70s II     80s      90s    90s II 
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2.2.3 Quantitative PCR 

In order to estimate the enrichment of the mic DNA with respect to the MAC DNA in 

the samples, a quantitative PCR (qPCR), with a relative quantification analysis, was 

performed using primers design on the internal part of the IES 144 sequence, since IES 

presence is mic specific. As control we designed primers on P0 gene sequence, which 

encodes for the ribosomal P0 protein that is constitutively expressed, therefore it should 

be a valid housekeeping gene. Nevertheless, we need to keep in mind that the genomic 

DNA sample contains a small percentage of mic DNA (estimated to be around the0.2%) 

and that the mic DNA, as well, contains diploid P0 gene copies in its chromosomes, 

whether they are interrupted by mic specific elements or not. 

 

An internal region of the IES 144 and a region of P0 were amplified in both the DNA 

isolated by PFGE in the ‘70s (2)’run, ‘90s’run, and in the gDNA sample. 

The specificity of each primer set and annealing temperature to optimize PCR 

conditions and the fluorescence signal specificity of PCR amplification were confirmed 

through assessment of the product melting curves and the efficiency was 108.8 % for 

IES 144 and 102.3 % for p0, with r2 = 0.99. 

A significant enrichment of the micronuclear DNA was shown by the CFX Connect 

Real-Time PCR Detection System (Bio-Rad) in the sample with a switch time of 70 sec, 

compared to the sample with a switch time of 90 sec, the 2nd gel slice of the run with 90 

sec switch time and the gDNA used as control (see Figure 25).  

The data of the run with 80 sec switch time were not included in the analysis, because 

there was not significant difference compared to the sample with a switch time of 90 

sec. 
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Figure 25. qPCR result. IES presence is detected in a significant amount in the 70s sample, 

compared to 90s and 90sII samples and to the gDNA sample. 

p0 = primers internal to the P0 gene sequence; intIES = primers internal to the 144 bp IES; 

gDNA = E. crassus genomic DNA as qPCR template; 70s = plugs gel cut from 70s (3) run as 

qPCR template; 90s = plugs gel cut from 90s run as qPCR template; 90sII = 2nd band cut from 

90s run as qPCR template. 

 

 

2.2.4 Illumina sequencing results 

Since, according to the qPCR results the DNA sample was enriched for the mic DNA 

we proceeded with a pilot Illumina sequencing for the ‘plug 70s’ sample, at the Bern 

University facility. The data reads produced from the sequencing were assembled, using 

the SPAdes assembler version 3.10.1 (Bankevich et al. 2012), and cleaned until 47,640 

scaffolds were obtained. This assembly contains 120,968,437 bp, with a mean scaffold 

length of 2,539 bp, a maximum scaffold length of 2,307,465 bp and a N50 of 4,980. In 

addition, this assembly contains 3,536 telomers into 2,194 scaffolds. The assembly 

showed only 6% of bacterial contamination.  

The comparison with the annotated E. crassus MAC genome showed that only 6,004 

MAC chromosomes mapped to the obtained sequences of the mic assembly. 

Considering only scaffolds that mapped with at least two MAC nodes (2,771), we could 

count 776 sequences longer than 30 bp which could be considered IESs or Tec c 

           gDNA                                  70s                                      90s                                   90sII 
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elements. Nevertheless, we could not find any match for known Tec sequences nor for 

known IESs sequences, whose presence had been confirmed by PCRs and Sanger 

sequencing.  

 

 

2.3 Discussion 

 

IES retention in all the DNA samples isolated by PFGE demonstrated an increase in the 

proportion of the mic chromosomes present, further confirmed by the quantitative PCR. 

In the first trials, the DNA samples isolated from the PFGE runs showed on the gel 

neither the amplicon of the retained IES nor the amplicon of the excised IES. Maybe it 

was caused by an overestimation of the DNA quantity due to a bacterial DNA 

contamination (results not shown). This issue was solved by pretreating the E. crassus 

culture with ampicillin.  

Conversely, Tec 2 presence in all the samples except for the DNA extracted from the 2nd 

gel slice of the run at 70 sec is an indicator of concentration of mic chromosomes in the 

plugs. Indeed, the presence of Tec 2 in the DNA extracted from the 2nd gel slice of the 

run at 90 sec is an indication of dispersion of mic chromosomes in the gel. This data 

was confirmed by the qPCR, which showed almost no mic chromosomes in the DNA 

extracted from the plugs at 90 sec switch time and a small quantity in the DNA 

extracted from the highest gel slice of the same run.  

However, we also need to consider that P0 may not the best control to check for mic 

samples purity (although it was the best we could have). In fact, thanks to the Illumina 

sequence results, we realized that the P0 mic gene does not contain any IES. This means 

that the primers that we designed have amplified, not only the polyploid copies of P0 

gene in the MAC chromosomes, but also the diploid copies that are in the mic 

chromosomes, much less in copy number, but not totally irrelevant. Thus, in the graph 

in Figure 25 the value related to P0 does not only represents the MAC chromosomes in 

our samples, but also includes the P0 genes of the mic DNA.  

As positive result, there was a considerable reduction of MAC chromosomes in the 

sample of the run with a switch time of 70 sec, that indicates that we selected a good 

switch time for mic enrichment. 
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Illumina sequencing results were quite poor, the mean scaffold length of 2,539 bp and 

the N50 of 4,980 are shorter than the expected ones, suggesting a highly fragmented 

assembly. In addition, the number of telomeres indicates the MAC contamination. 

Moreover, the results are not consistent with PCR and qPCR results, since we could not 

find IES sequences in silico which presence were confirmed by PCR and Sanger 

sequencing. The most likely interpretation in this circumstance is that Illumina 

sequencing technology features do not allow a proper assembly of the mic genome 

sequences due to the germline genome complexity that includes a high number of 

repeated regions which cannot be well assembled by the short size reads produced 

(almost 100 bs long on average). The intricacy of the mic DNA sequence may be 

increased by the presence of some scrambled genes, as were found in the related ciliates 

Oxythricha and Stylonychia. These scrambled genes in the mic are characterized by 

MDSs not in the same order of the MAC DNA (that is the order that permits the coding 

of the gene). The correct order for coding is obtained by rearrangements during MAC 

development (Landweber, Kuo, and Curtis 2000). In addition to this difficulty, in our 

Illumina sequenced DNA sample also some contaminant MAC DNA is still present 

with sequences corresponding to MDSs of the mic but potentially in a different order.  

The contamination of the MAC DNA in the plug may also be related to a process of 

tangling of the mic sequences that are contained in the mic with exactly the same 

sequence, without IESs, such as the P0 gene. If they tangle with the corresponding mic 

sequences, they do not run correctly outside of the plugs.  

In the light of all the previous considerations, we planned in a future experiment to 

repeat the sequencing using third generation sequencing technology as Pacific 

biosciences SMRT sequencing (PacBio), with a real-time sequencing approach that 

skips the fragmentation and amplification steps of the Illumina procedure and in turn 

produce reads exceeding several kilobases by which should resolve most of the 

repetitive regions (Kchouk, Gibrat, and Elloumi 2017) and hopefully the other assembly 

problems. 

 

 

2.4 Conclusions  

 

We succeeded in the development of a protocol for E. crassus mic chromosomes 

enrichment and isolation. Now we need to proceed with the sequencing of the sample 
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using a more suitable NGS technology to reach our goal. The protocol we have set is 

very suitable for purifying DNA for PacBio sequencing because the DNA is maintained 

in the agar plugs and require only a simple agar digestion and soft extraction that limit 

the DNA fragmentation. 

We also plan to test an additional purification step from the putative MAC molecules 

potentially tangled with the mic chromosomes, by denaturing the isolated DNA sample 

in the plugs, stabilizing the single strands molecules with formamide and allowing the 

separation through another electrophoresis on low melting gel. 

Once well assembled and annotated, the germline (mic) genome of E. crassus will be 

valuable to investigate the functional and evolutionary relationships among DNA 

elimination events in different groups of ciliates, to develop and enhance molecular 

genetic tools in the Euplotes system and to use it more easily as marine model organism 

for environmental and toxicological studies. 

 

 

2.5 Experimental procedures 

 

2.5.1 E. crassus culture 

E. crassus cells (60-80 μm in size) of strain DP1, kindly supplied by prof. L. A. 

Klobutcher (UConn Health, USA), were grown in sterilized sea water at 24°C. 

Escherichia coli (HT115 transformed with L4440 vector) were used as the only food 

source.  

1 L culture of E. coli was grown in Luria Broth to saturation without antibiotic 

selection. For 1 L of E. crassus, E. coli from 100 ml of culture were pelleted (4,000 rpm 

for 10 min at 4°C). The remaining bacteria were stored at 4°C and used to feed E. 

crassus as necessary. After discarding most of the medium, the bacteria were 

resuspended before addition to the E. crassus.  

Cells typically consume all the bacteria after 3-4 days at 24°C with the aeration system, 

reaching a density of around 3,000 cells/ml. 

 

 

2.5.2 E. crassus micronuclear chromosomes isolation by PFGE 

Starved E. crassus cells (150,000 per plug) were harvested by centrifugation in pear-

shaped glass centrifuge tubes at 400 rcf for 3 min (cells were filtered with 70 m filter). 
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In the last three PFGE run cells were also treated overnight with ampicillin 100 g/ml, 

before being harvested. The 80 sec run was with ampicillin 100 g/ml and kanamycin 

50 g/ml. Cells were washed with sterilized sea water and centrifuged at 400 rcf for 3 

min.  

Cells were transferred in an Eppendorf tube and centrifuged at 400 rcf for 3 min to 

remove as much as possible of the sea water, then resuspended in 560 l of 1X TE 

buffer. 560 l of cells were mixed with 560 l of 2% Certified Low-Melt Agarose (Bio-

Rad) in 1X TE buffer, then quickly transferred into the wells of the plug mold to 

produce the plugs (80 l in each well). Plugs were set at 4°C for at least 30 min and 

then placed in 5 ml cells lysis buffer (1% N-Lauroylsarcosine sodium salt, 1% SDS, 1 

mg/ml Proteinase K, 0.5 M EDTA pH 8.0) at 60°C overnight.  

The plugs were washed three times in 0.5 M EDTA pH 8.0 for 10 min each, then 

inserted into the wells of the 1% Certified Low-Melt Agarose gel (Bio-Rad). Lambda 

() ladder (Bio-Rad) was regenerated in 500 l of 0.5X TBE buffer for 10 min at 45°C, 

then chilled in ice, and inserted into the wells of the gel. Gaps and empty wells were 

filled with 1% Certified Low-Melt Agarose gel (Bio-Rad).  

The instrument used for the PFGE was CHEF Mapper XA Pulsed Field Electrophoresis 

System (Bio-Rad). 2.2 L of 0.5X TBE buffer were poured into the electrophoresis 

chamber for a pre-run of 30 min at 14°C, with a pump speed of 70. The runs were set 

with a gradient of 6 V/cm, a time of 22-30 h, an included angle of 120°, an initial switch 

time of 70-90 sec, a final switch time of 70-90 sec and a linear ramping factor. 

When the run was completed the gel was stained with SYBR Safe DNA Gel Stain 

(Thermo Fisher Scientific) for 60 min and visualized with blue light. The gel was cut in 

three parts and stored at -20°C. Plugs were isolated and stored at -20°C.  

The plugs and the highest gel slice were melted at 65°C for around 30 min. The gel 

volume was determined and digested with Agarase from Pseudomonas atlantica 

(Sigma) at 40°C overnight and then with RNase A (Thermo Fisher Scientific) 10 µg/ml 

for 2 h at 37°C.  

The DNA was extracted by Phenol/Chloroform, precipitated by 3 M sodium acetate pH 

5.2/absolute EtOH, resuspended in 30 l of ddH2O, and quantified by NanoDropTM 

1000 UV-Vis Spectrophotometer (Thermo Fisher Scientific). 
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2.5.3 Genomic DNA extraction 

Starved E. crassus cells (300,000) were filtered and collected the day after by 

centrifugation in pear-shaped glass centrifuge tubes. Cells were centrifuged at 400 rcf 

for 3 min, then washed once with sterilized sea water, and centrifuged again at 400 rcf 

for 3 min. In order to remove as much of the sea water as possible, cells were 

centrifuged in an Eppendorf tube at 400 rcf for 3 min, before resuspendeding in 500 l 

of NDS (10 mM Tris-HCl pH 7,5, 1% SDS, 20 mg/ml Proteinase K, 0.5 M EDTA pH 

8.0). The tube was placed at 50°C overnight. 

The DNA was extracted by Phenol/Chloroform and precipitated by 0.4 M LiCl/absolute 

EtOH. 

The sample was pelleted at 4°C for 30 min at maximum speed, resuspended in 100 l of 

ddH2O and 50 l of PEG-MgCl2 (40% polyethylene glycol, 30 mM MgCl2), and left 10 

min at room temperature. The sample was pelleted for 30 min at maximum speed. The 

pellet was washed twice with 70% EtOH, dried out at room temperature, resuspended in 

30 l of ddH2O, and quantified by NanoDropTM 1000 UV-Vis Spectrophotometer 

(Thermo Fisher Scientific). 

 

 

2.5.4 IES PCR and Tec 2 PCR 

The first micronuclear sequence analysed, was E. crassus G1 micronuclear sequence, 

protein kinase gene, partial CDS (GenBank: M28500.1) (Hale et al. 1996). Primers 

(Sigma) were designed outside an IES (144 bp): 

FW 5’-ATGGACAGGACTAAGACAC-3’, 

RV 5’-CCATTTGATAATTAGGAAGAAATATACG-3’. 

An amplicon of length 109 bp IES- and 253 bp IES+ was expected (Figure 26). 

 

 

Figure 26. Schematic representation of expected fragments IES 144+ and IES 144-. 
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The second micronuclear sequence of interest was Moneuplotes crassus micronuclear 

telomerase reverse transcriptase (TERT-2) gene, complete CDS (GenBank: 

AY267543.1) (Karamysheva et al. 2003). Primers (Sigma) were designed outside an 

IES (300 bp): 

FW 5’-GGATATTGAGAAATGATATGACAGC-3’, 

RV 5’-TTAGGGTCATTAGCATCCAT-3’. 

An amplicon of length 510 bp IES- and 810 bp IES+ was expected (Figure 27). 

 

 

Figure 27. Schematic representation of the expected fragments IES 300+ and IES 300-. 

 

Tec 2 sequences were taken from Doak et al., 2003 and degenerate primers (Sigma) 

were designed inside 16 Tec 2 elements internal sequences after Clustal omega 

alignment (GenBank: AF159907.1; AF159908.1; AF159909.1; AF159910.1; 

AH008187.2; AF159913.1; AF159914.1; AF159915.1; AF159916.1; AF159916.1; 

AF159918.1; AF159919.1; AF159920.1; AF159921.1; L03359.1; L03360.1): 

FW 5’-TATTATGGATGTGAATCAGGTTCTACTYTCM-3’, 

RV 5’-GATCTTCTGCATCATGTTCATATGATCTTGA-3’. 

Expected amplicon length was 108 bp.  

 

PCR was performed using Phusion High-Fidelity DNA Polymerase (Thermo Fisher 

Scientific) and the following conditions:   

 

95°C 2 min  

95°C 30 sec  

54°C 1 min 15 sec 35 cycles 

72°C 1 min 15 sec  

72°C 5 min  

4°C ∞  

 

The DNA was run on a 1% agarose gel and stained with EtBr.  
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‘IES144-’ and ‘IES144+’ gel bands were excised from the gel and purified by 

NucleoSpin Gel and PCR Clean-up (Macherey-Nagel) and sent for Sanger Sequencing 

(BMR Genomics). 

 

 

2.5.5 Quantitative PCR 

Primers (Sigma) for quantitative PCR were designed inside the IES 144 bp in the E. 

crassus G1 micronuclear sequence, protein kinase gene, partial CDS (GenBank: 

M28500.1) (Hale et al. 1996): 

FW 5’-GCAAAATTGATAAAGGGTATAAGAGAATAGTAGAGAC-3’, 

RV 5’-ATGAATATGGGATATTGAATAAGAAGGATATTTTTATTCTAGG-3’. 

Expected amplicon length was 132 bp (Figure 28). 

 

 

Figure 28. Schematic representation of IES 144 internal amplicon. 

 

The P0 gene was used as control. We blasted the E. focardii acidic ribosomal P0 protein 

(P0) gene, complete CDS (GenBank: DQ003025.1) (Pucciarelli et al. 2005) against the 

E. crassus DP1 genome available in our laboratory (data not yet published) to find the 

P0 E. crassus sequence to design primers.  

 

 

Primers (Sigma): 

FW 5’-TGGTTCACCTTCAACTGGCT-3’, 

RV 5’-CCCTCTTCGTCCAATGCGATA-3’. 

Expected amplicon length was 155 bp. 

 

The PCR was performed in triplicate with 50 ng of template, using SsoAdvanced 

Universal SYBR Green Supermix, CFX Connect Real-Time PCR Detection System 

(Bio-Rad) in a final volume of 20 μl, using the following conditions:  
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98°C 3 min  

98°C 15 sec  

60°C 30 sec 40 cycles 

Plate Read  

Melt Curve 65°C to 95°C: Increment 0.5°C 5 sec 

Plate Read  

 

 

2.5.6 Data analysis 

Statistical analyses were performed with CFX Maestro™ Software for Bio-Rad CFX 

Real-Time PCR Systems. One-way ANOVA were used to assess significant differences 

(p < 0.01). 
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A-1. Transfection approaches in Euplotes  
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A-1.1 Introduction and aims  

 

In this section, experimental approaches are listed for the development of transfection 

techniques that can be applied to genetic manipulation and functional studies in 

Euplotes species. 

This work was supported by the Marine Microbiology Initiative (MMI - Gordon and 

Betty Moore Foundation), which previously supported The Marine Microbial Eukaryote 

Transcriptome Sequencing Project (MMETSP) (Keeling et al. 2014). MMI aims to 

accelerate development of genetic tools to enable development of experimental model 

systems in marine microbial ecology (Waller et al. 2018). It seeks to gain a 

comprehensive understanding of marine microbial communities, including ecological 

roles in the oceans, their diversity, functions and behaviors, and their origins and 

evolution.  

Developing robust model systems is complex and risky; success is not guaranteed. It 

was a challenging project with a high potential pay-off. This is the context in which my 

PhD project is co-founded. 

 

Marine ciliates, particularly of the genus Euplotes, have been studied for over a hundred 

years and have provided significant insights into microbial ecology, endosymbiont 

biology, and long-term cold adaptation (Nanney and Caughey 1953; Hammerschmidt et 

al. 1996; Pucciarelli et al. 2009; Luporini et al. 2016). 

These organisms have an unusual genetic organization with two genomes: a 

micronuclear genome (mic) representing the germ line, and a macronuclear genome 

(MAC) containing single gene nanochromosomes amplified to thousands of copies for 

their somatic life. This unique organization has been beneficial in elucidating universal 

principles in the biology of telomeres, transposons, chromatin and small RNAs. 

However, this same genome structure also poses challenges that have likely made many 

the typical transfection and reverse genetics transfection techniques unsuccessful to 

date. 

Compared to other model ciliates, molecular genetic tools in the Euplotes system are far 

less powerful and a transformation system is necessary to enable more systematic 

studies and to understand the complex programmed DNA rearrangements and 

transposition mechanisms that occur in the formation of the new MAC after each sexual 

cycle and also how these organisms, function in marine ecosystems. 
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A few examples of successful transfection in Euplotes species have been reported in the 

literature, (Bender, Kämpfer, and Klein 1999; Erbeznik, Yao, and Jahn 1999) but 

subsequent replications have not been possible.  Starting from this knowledge we tried 

to adjust different physical and liposomal methods for E. crassus transfection. 

 

The physical transfection methods use various tools to deliver nucleic acids in the cells, 

(e.g. microinjection, biolistic particle delivery, electroporation) (Mehier-Humbert and 

Guy 2005). Their application can cause cell damage and it is not always easy to apply to 

a discrete number of cells, indeed it is possible to microinject only one cell at a time. 

This means that takes time to obtain concrete results on a certain number of cells. 

Despite these limits, microinjection was successfully used to transfect ciliates like 

Tetrahymena thermophila and Paramecium caudatum (Takenaka et al. 2002). 

The biolistic method uses gold particles that make complexes with nucleic acids and 

then these complexes are shot into the recipient cell with very high velocity and 

pressure. 

Electroporation implies the application of short electrical pulses to the cells that disturbs 

the stability of the cellular membrane, creating small holes in the membrane itself 

through which nucleic acids can pass. It has been successfully used to transfect 

conjugating T. thermophila cells (Gaertig and Gorovsky 1992). 

Once optimal transfection conditions are meet, biolistic and electroporation permit the 

transfection of a large number of cells, at a time. 

Chemical transfection methods include the use of cationic lipids. The general principle 

guiding these methods relies on the use of cationic carrier molecules that complex with 

the negatively charged nucleic acids and, thus, are able to neutralize the strong negative 

charges given by the phosphate groups of the DNA and RNA molecules. 

The efficiency of these methods is largely affected by factors like the cell type, the 

nucleic acid/ chemicals ratio, the pH of the solution and the cell membrane conditions 

(Kim and Eberwine 2010). 

Transfection in order to be successful requires both an effective DNA-delivery system 

and a reliable way to select successfully-transfected cells. A proper selectable marker 

inserted in the vector and a correspondent selective applied on the harvested cells is 

crucial. 

 

We tried to consider all the possible variables in each step of transfection protocols and 

we tested the following methods: 
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• Bio-Rad Biolistic PDS-1000/He Particle Delivery System with 0.6 μm and 1.6 

μm golden nanoparticles (AuNPs); 

• microinjection with Eppendorf InjectMan NI 2 using Eppendorf Femtotips 

Microinjection Capillary Tips on exconjugant cells; 

• electroporation using Bio-Rad Gene Pulser with 0.2 cm cuvettes; 

• Lipofectamine 2000 Transfection Reagent (Invitrogen) and Lipofectamine 3000 

Transfection Reagent (Invitrogen); 

• Effectene Transfection Reagent (QIAGEN); 

• FuGENE HD Transfection Reagent (Promega). 

I performed all the experiments in strict collaboration with Rachele Cesaroni or by 

myself, at the University of Bern and at University of Camerino. 

 

 

A-1.2 Euplotes as organism of study 

 

Our attention was focused on the hypotrichous marine ciliates Euplotes crassus and 

Euplotes focardii. The former is mesophilic and has a cosmopolitan distribution, being 

collected from most of the Earth's oceans, the latter is a strictly psychrophilic Antarctic 

species and survives from -2°C to 15°C. They are characterized by dimorphic nuclei: a 

transcriptionally inert, diploid germline mic, and a transcriptionally active, polyploid 

somatic MAC. 

 

The E. focardii growth rate is much slower due to the cold adaptation: about 1 division 

every 3 days. It is difficult to maintain mating types in this species. Conjugation is very 

peculiar and ends with a single exconjugant (Valbonesi and Luporini 1993). We tested 

tools on E. crassus first, considering the better growing conditions compared to E. 

focardii. 

 

E. crassus (DP1 strain) is 60-80 μm in size, is able to perform both vegetative and 

conjugation cycles, its growth rate is 1,5 divisions per day, at 24°C in sea water, fed 

with algae (Dunaliella salina or Dunaliella tertiolecta) and/or bacteria (Escherichia 

coli) It is strongly autofluorescent when it is fed with bacteria and, especially, algae. We 

found out that when cultures are fed on E. coli, they grow to a higher density than on 
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algae as food source, reaching a cell density of 3000 cells/ml, making many analyses 

easier. 

 

 

A-1.3 Transfection vectors 

 

A-1.3.1 Delivery controls  

To test the delivery system’s effectiveness, we used Label IT® Plasmid Delivery 

Control, Cy®3 (Mirus) and a Synthetic 25 bp long DNA-RNA-cy3 hybrid. These 

vectors with a fluorescent red probe facilitated the visual tracking, following cellular 

uptake without being expressed by the cells.  

 

 

A-1.3.2 Resistance marker 

E. crassus displays naturally high resistance levels to several drugs/antibiotics that are 

typically used for selection in transfection experiments (e.g. resistance to ampicillin 100 

μg/ml). Through growth curves and survival test assays we determined that E. crassus 

was sensitive to G418 7.5 mg/ml and even more sensitive to it when grown in a culture 

medium of 10% artificial seawater + 90% 0.3 M glucose. This facilitate the selection of 

transfected cells in attempts to develop transfection.  

 

We optimized the G418 resistance gene (neomycin gene) according to the Euplotes 

crassus codon usage. A non-codon-optimized neomycin gene was previously used 

Bender et al. 1999. 

 

 

A-1.3.3 Artificial nanochromosomes 

We synthesized constructs resembling the Euplotes MAC nanochromosome structure. 

They contain either a GFP reporter and/or a drug selection marker, both optimized 

according to the euplotid codon usage. The flanking non-coding regions belong to 

constitutive highly expressed Euplotes genes. Telomeres on both ends were added by 

PCR with Phusion DNA Polymerase (Thermo Fisher Scientific) to obtain blunt ends 

products. Both artificial nanochromosomes were checked by sequencing. 
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GFP artificial nanochromosomes (940 bp) are composed of: a 62 bp E. crassus 5' UTR 

from a highly expressed gene as promoter, a 717 bp GFP coding sequence, a 105 bp E. 

crassus 3' UTR from a highly expressed gene, and 28 bp telomeres on both ends (Figure 

29). 

 

GFP-neo artificial nanochromosomes (3193 bp) are composed of the GFP-tagged β-

tubulin gene and G418 resistance gene: 49 bp β-tubulin 5’ UTR, 1338 bp β-tubulin cds, 

a 24 bp long spacer, 717 bp GFP coding sequence, 64 bp β-tubulin 3' UTR;  64 bp α-

tubulin 3' UTR, 794 bp G418 resistance gene (neo), 87 bp α-tubulin 5' UTR, and 28 bp 

telomeres on both ends (Figure 30). 

 

 

 

 

 

 

 

 

 

 

 

Figure 29. GFP artificial nanochromosome (940 bp) map and sequence. 
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Figure 30. GFP-neo artificial nanochromosomes (3193 bp) map and sequence. 
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A-1.4 Transfection approaches 

 

A-1.4.1 Biolistic 

The Bio-Rad Biolistic PDS-1000/He Particle Delivery System with 0.6 μm and 1.6 μm 

AuNPs was used. We adjusted the conditions for E. crassus starting from the protocol 

used in Tetrahymena termophila (Bruns and Cassidy-Hanley 1999). 

I used 10 mM HEPES pH 7.4 as transfection buffer to test the system. Cells were then 

transfered to sea water without any construct and survived well. 

Later, GFP-neo artificial nanochromosomes were used. 105 vegetative E. crassus cells 

or 105 mating DP1 and DP3 E. crassus strains (50 h after mixing) were placed on a 

filter paper soaked with 10 mM HEPES pH 7.4. They were shot with 0.6 μm or 1.6 μm 

AuNPs coated with 1.25 μg of the construct. Shooting conditions were set as follows: 

rupture disk 1550 psi, helium pressure 1750 psi, vacuum 26 inches Hg, gap distance ⅜ 

inches, 1st shelf. The filter paper was then fold and placed into 50 ml of sea water. After 

the transfection cells looked healthy. 

The antibiotic selection started after 24 h; increasing concentrations of G418 were 

added every 4 days, from 1 mg/ml up to 10 mg/ml. 

Unfortunately, I did not obtain any viable clones after 30 days of antibiotic selection: all 

cells died with 6 mg/ml of G418 and I did not get any proof of nucleic acids uptake, 

GFP espression was not detected by fluorescence microscopy. 

 

 

A-1.4.2 Microinjection 

Eppendorf InjectMan NI 2 with Eppendorf Femtotips Microinjection Capillary Tips was 

used on exconjugant cells. The constructs tested were a synthetic 25 bp long DNA-

RNA-cy3 hybrid or the GFP-neo artificial nanochromosomes. 

Two strains of different mating types (DP1 and DP3) of E. crassus were mixed (pairs 

formed in 5-6 h). Exconjugant cells with Anlagen (Figure 31) and pairs were isolated in 

sea water with 2% or 4% BSA and drops were prepared for the injection. Around 2-4 

μg/μl of constructs were used. After transfection cells were resuspended in 700 μl of sea 

water.Usually 70% of exconjugants reorganize and turn into vegetative cells. The rescue 

ratio after microinjection was far less (even without any construct injected). Few cells 

managed to divide and could be evaluated for transfection efficacy.  
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After a few cell divisions, increasing concentration of G418 were added every 4 days, 

from 1 mg/ml up to 10 mg/ml (Erbeznik, Yao, and Jahn 1999). 

We did not obtain any positive clones for the GFP-neo artificial nanochromosomes. All 

cells died with 4 mg/ml of G418 and we did not get any proof of nucleic acids uptake; 

also, GFP espression was not detected by fluorescence microscopy. 

However, we had evidence of successful DNA injection into the Anlagen using the 

DNA-RNA-cy3 hybrid as a control and monitoring by fluorescent microscopy (Figure 

32). 

 

 

Figure 31. E. crassus exconjugant cell with visible Anlagen. 
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Figure 32. E. crassus exconjugant cells injected with a synthetic 25 bp long DNA-RNA-cy3. 

One was injected in the cytoplasm (A), the other was injected in the Anlagen (B). 
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A-1.4.3 Electroporation 

A Bio-Rad Gene Pulser with 0.2 cm cuvettes was used for electroporation, together with 

Lipofectamine® 2000 Transfection Reagent (Invitrogen). 

2x104 E. crassus cells were collected and resuspended in 0.3 M glucose solution (7% 

sea water and 93% of 0.3 M glucose solution). For each round of transfection, 250 µl of 

cells were used. 0.25 µg of Label IT® Plasmid Delivery Control Cy®3 (Mirus) were 

added alone or mixed with 2.5 µl of Lipofectamine® 2000 Transfection Reagent 

(Invitrogen). The sample was transferred to the cuvette. Conditions were set as follows: 

0.2 kV, 25 µFD, 100 Ω. Time constant around 1.2. 

More than 50% of cells were viable after electroporation (a few cells fused together), 

then cells were resuspended in 3 ml of sea water. 

The plasmid was visible in the cytoplasm immediately after the electroporation by 

fluorescent microscopy. 

 

 

A-1.4.4 Lipofectamine® Transfection Reagent (Invitrogen) 

Lipofectamine® 2000 Transfection Reagent (Invitrogen) and Lipofectamine® 3000 

Transfection Reagent (Invitrogen) were used with Label IT® Plasmid Delivery Control 

Cy®3 (Mirus) or GFP artificial nanochromosomes. The protocol of the supplier was 

followed for the preparation of the DNA–lipofectamine complex. 

4x103 E. crassus cells were collected and resuspended in 1 ml of Opti-MEM® medium 

on a 24-well plate. 2.5 µl of Lipofectamine® 2000 or 3000 Transfection Reagent 

(Invitrogen) mixed with 0.5 µg of the transfection vector were added to the cells. The 

plate was incubated for 30 min at 37°C 30 and then 3 h and half at 28°C. After 4 h the 

cells were washed and resuspended in sea water. After the transfection Euplotes looked 

healthy and viable. 

As a proof of nucleic acid uptake, PCR verification on very well washed cells using 

specific primers for the GFP sequence was performed and gave positive results, but 

GFP espression was not detected by fluorescence microscopy. 

The plasmid with the fluorescent red probe was visible inside the cells immediately 

after Lipofection (4 h). Then, after 24 h it was mostly visible in the samples with 

Lipofectamine® 2000 Transfection Reagent (Invitrogen) that helped the DNA to enter 

the cells and protected it from the lysosomal pathway (Figure 33). 
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Figure 33. E. crassus cells 4 h after the transfection with Label IT® Plasmid alone (A) and 

Label IT® Plasmid + Lipofectamine® 2000 (B). E. crassus cells 24 h after the transfection with 

Label IT® Plasmid alone (C) and Label IT® Plasmid + Lipofectamine® 2000 (D). 

 

 

A-1.4.5 Effectene Transfection Reagent (QIAGEN) 

Effectene Transfection Reagent (QIAGEN) were complexed with GFP-neo artificial 

nanochromosomes following the supplier’s protocol except for doubling the amount of 

DNA from 0.4 to 0.8 µg (Bender, Kämpfer, and Klein 1999). 

2x103 E. crassus cells were collected and resuspended in 1 ml of 500 mM sorbitol, 0.5 

mM Tris-HCl pH 7.0. The DNA-Effectene complex was added and the cells were 

incubated 3 h at 24°C. 1 ml of sea water was added after 1 h, bacteria as food source 

(1:1000) were added after 2 h, and cells were washed after 3 h and resuspended in sea 

water. Immediately after the DNA-Effectene complex addition, cells stopped moving. 

They recovered later on, but their number decreased after the washing step. 

After a few cells divisions (more than 24 h) the selection drug G418 was added, either 

at the maximum concentration of 10 mg/ml (no resistance was shown) or at increasing 

concentrations from 1 mg/ml up to 10 mg/ml (added every 4 days). 

As a proof of nucleic acid uptake, PCR verification on very well washed cells using 

specific primers for the GFP sequence was performed and gave positive results, but 

GFP espression was not detected by fluorescence microscopy. 
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A-1.4.6 FuGENE HD Transfection Reagent (Promega) 

2x103 E. crassus cells were collected and resuspended in 1 ml of 500 mM sorbitol, 0.5 

mM Tris-HCl pH 7.0. The DNA-FuGENE HD Transfection Reagent (Promega) 

complex was added (amount of DNA 0.8 μg) and cells were incubated 1 h and 30 min at 

24°C., 1 ml of sea water was added after 1 h and after 2 h. Then cells were washed and 

resuspended in 400 μl of sea water. After the transfection the cells looked healthy and 

viable, but their number decreased after the washing step. 

After a few cells divisions (more than 24 h) G418 at 10 mg/ml was added as selection 

drug, but no resistance was shown. There was no proof of nucleic acid uptake. 

 

 

A-1.5 Conclusions 

 

The following outcomes were reached: 

• We defined conditions for growing Euplotes cultures to a higher cell density 

than on algae as the food source, making many analyses easier.  

• We generated artificial nanochromosomes resembling the structure of those of 

the Euplotes MAC. They contain either a GFP reporter and/or a drug selection 

marker optimized according to the Euplotes codon usage. These can be used in 

the future to try other existing and newly developed transformation approaches.  

• We found that E. crassus was much more sensitive to selective agents (e.g., 

G418, Paromomycin, and Puromycin) when grown in a culture medium of 10% 

artificial seawater + 90% 0.3 M glucose. The same sensitivity was found in E. 

focardii, that has a much slower growth rate due to the cold temperature. This 

should facilitate the selection of transformed cells in future attempts to develop 

transfection. 

• We investigated and developed appropriate conditions for maintaining Euplotes 

cell viability during various transfection approaches: the biolistics, Effectene 

Transfection Reagent (QIAGEN), FuGENE HD Transfection Reagent 

(Promega) and Lipofectamine 3000 Transfection Reagent (Invitrogen),  

• We were able to see the E. crassus cells transfected with Cy3 labelled plasmid 

delivery control by: electroporation, electroporation with plasmid incubated in 

Lipofectamine 2000 Transfection Reagent, direct treatment of plasmid with 
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Lipofectamine 2000 Transfection Reagent, and microinjection of plasmid in the 

developing MAC of exconjugant cells (with RNA-DNA-cy3 hybrid). 

However, when we tried to use artificial nanochromosomes with the G418 resistance 

gene and GFP tagged β-tubulin, cells died under an increasing concentration of 

antibiotic and we could not detect any localized signal, as it was for the labelled plasmid 

used as control nor any proof of gene integration, checking by PCR. 

 

In conclusion, we succeeded in preparing vectors and setting conditions for delivering 

DNA into the cells by several methods, but we did not obtain evidence for incorporation 

of the vectors into the nucleus/genome or for the expression of the introduced genes. 

The reasons for the lack of success to date are not understood, and it remains possible 

that further alteration of experimental parameters or a more appropriate use of 

promoters for expression may provide successful transfection using these approaches. 
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