
  University of South Bohemia in České Budějovice 

Faculty of Science 

Localization and functional characterization of a 

mealybug rRNA methyltransferase of bacterial origin 

 

Master‘s thesis 

Bc. Helmut Stanzl, B.Sc. 

 

Supervisor: RNDr. Zdeněk Paris, Ph.D. 

Supervisor-specialists: RNDr. Filip Husnik, Ph.D.; Mgr. Hana Sehadova, Ph.D.  

České Budějovice,  

2019





i 

 

Stanzl, H., 2019: Localization and functional characterization of a mealybug rRNA 

methyltransferase of bacterial origin. Mgr. Thesis, in English. – 37p., Faculty of Science, 

University of South Bohemia, České Budějovice, Czech Republic. 

 

 

 

Annotation: The aim of this thesis was to study the localization and function of the rRNA 

large subunit methyltransferase I in the mealybug Planococcus citri and its endosymbiont 

Tremblaya princeps by bisulfite sequencing, immunohistochemical analysis, and fluorescence 

in situ hybridization. 

 

 

Affirmation 

I declare that I have elaborated my Master’s Thesis myself while using only the sources and 

literature provided in the list of cited literature. I further declare that, in accordance with 

Section 47b of Act No. 111/1998 Coll. in its current version, I agree with the publication of 

my Master‘s Thesis, in an edited version resulting from deleting marked sections which are 

archived by the Faculty of Science in the publicly accessible section of the STAG database 

operated by the University of South Bohemia in České Budějovice on its website while 

retaining my copyright of the submitted graduation thesis. I also agree with the publication of 

the Reviewer’s report as well as the record of the course and the result of the defence of the 

graduation thesis in the same electronic way in accordance with the provisions of Act No. 

111/1998 Coll. I further agree for the text of my graduation thesis to be examined by Theses.cz 

graduation theses database run by the National Register of Higher Education Graduation 

Theses and the Plagiarism Detection System 

 

 

České Budějovice, 11th December 2019 

 ………………………… 

Helmut Stanzl   



ii 

 

 

Abstract 
Pseudococcinae mealybugs harbor a bacterium-within-bacterium-within-insect 

symbiotic system. Interestingly, the outermost bacterium (Tremblaya princeps) was shown to 

have the lowest number of genes reported for a bacterium, not called an organelle. This system 

probably is complemented by horizontally transferred bacterial genes (HTGs) encoded on the 

insect genome. In Planococcus citri, one of these HTGs is a 23S rRNA methyltransferase 

(rlmI) of γ-proteobacterial origin. In this thesis, the function and localization of RlmI was 

elucidated with immunohistochemistry, FISH and bisulfite sequencing. The localization and 

function of RlmI in P.citri and its endosymbionts could provide evidence that further blurs the 

line between endosymbionts and organelles. 
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1. Introduction 

1.1. The thin line between organelles and endosymbionts 

Many organisms require intracellular bacteria for survival. The oldest and best-known 

examples are organelles in eukaryotes, most importantly mitochondria and chloroplasts [1]. 

Organelles are defined as intracellular membrane-bound structures in eukaryotic cells, usually 

specialized for a particular function [2]. Organelles are named after the diminutive analogs to 

organs because under the microscope, their subcellular structures remind of those in 

multicellular organisms. At the time of their discovery, the term had no connection to their 

evolutionary origin [3–6]. However, nowadays it is well established that mitochondria and 

plastids (chloroplasts) arose through the endosymbiotic uptake of an α-proteobacterium and 

cyanobacterium, respectively [7–10]. Nevertheless, it is still unclear how bacteria transformed 

into highly integrated organelles [11]. 

More than a decade ago the sequencing of the complete genome of a recently evolved 

photosynthetic body in Paulinella chromatophora raised questions on the distinction between 

‘endosymbiont’ and ‘organelle’. It pointed out how vague the boundaries between these terms 

are [12]. Keeling and Archibald proposed three criteria to evaluate the status of an 

endosymbiont/ organelle: (i) Genetic integration, (ii) Cellular integration, and (iii) Metabolic 

integration. Genetic integration describes if and how many genes are targeted to the candidate 

organelle and how many have been lost from the endosymbiont. Cellular integration 

characterizes how synchronized the partners are in their cell cycles, how the endosymbionts 

are transmitted to the progeny and how stable they transfer them to their daughter cells. 

Metabolic integration defines the complementation of metabolic products between the host 

and the endosymbiont [3,12]. Nowack and Grossman, on the other hand, define the “moment 

when the endosymbiont – as a consequence of gene loss – becomes dependent for survival and 

proliferation on the import of nuclear-encoded proteins”, combined with vertical inheritance 

and benefit to the host, as the criteria which the endosymbiont has to fulfill to gain the status 

of an organelle [3,13]. 

In the last few years, many findings started to challenge our perception of where to 

draw the line between endosymbionts and organelles. In sap-feeding insects and their essential 

endosymbionts, cases of extensive genome reduction in the symbiont, horizontal gene transfer 

(HGT) from various sources to the host genome, and the targeting of protein products from 

host to symbiont have been described [11,13–15]. The bacteriocytes of the citrus mealybug 
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(Planococcus citri) are examples of cells where the complexity of bacterial integration into 

host cells rivals that of organelles [15–18]. 

1.2. Pseudococcidae 

The symbiosis between insects and bacteria may be traced back to the origins of this 

lineage 100-250 million years ago [19–21]. It is considered as one of the main reasons for the 

evolutionary success of insects, as many of them have a mutualistic symbiotic relationship 

with intracellular bacteria [22]. Almost all the members of the large hemipteran suborder 

Sternorrhyncha (including e.g. aphids, whiteflies, psyllids, and mealybugs), suck plant sap, 

which is low in nutrients. They depend on the metabolic products of their bacterial symbionts 

to compensate for their nutrient-deficient diet [23–28].  

Mealybugs (Insecta: Hemiptera: Pseudococcidae) are the second largest family of scale 

insects with approximately 2000 identified species in more than 270 genera. They can feed on 

plants from many different families but prefer grasses and legumes. Even though they are 

distributed worldwide; they are found predominantly in the tropics. Several species of 

mealybugs are considered agricultural pests of economic importance [29]. With their thin, 

long mouthparts they penetrate through the plant tissue to feed on the phloem sap. Male 

mealybugs have a short life span, are hard to find or are even absent in some species. The 

females have a soft, often elongated or oval body shape. Usually, they are attached to the 

surface of plants, regularly covered with a ‘mealy or cottony’ wax secretion.  

Many mealybugs are oviparous with sexual or parthenogenetic 

reproduction [19,30-34]. Female mealybugs possess a large organ called bacteriome inside 

their body cavity. This organ is composed of bacteriocytes, specialized highly polyploid cells 

that harbor bacterial endosymbionts [23,30,35–37]. These bacterial endosymbionts 

compensate for the nutritional deficiency of the mealybugs by supplying essential amino acids 

and vitamins, which are limited in their host’s phloem diet [38,39]. 

Phylogenetic analyses have identified two subgroups of mealybugs, the subfamilies 

Pseudococcinae and Phenacoccinae [29]. Phenacoccinae possesses an endosymbiotic system 

inside their bacteriocytes, in which they harbor a single β-proteobacterial endosymbiont called 

Candidatus Tremblaya phenacola [40]. On the other hand, Pseudococcinae harbor an 

exceptional Matryoshka-like arrangement in which their β-proteobacterial endosymbiont 

Candidatus Tremblaya princeps (from now on T. princeps or Tremblaya) houses its own γ-
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proteobacterial endosymbionts. In the mealybug Planococcus citri, this γ-proteobacterium is 

called Candidatus Moranella endobia (from now on M. endobia or Moranella) [19,22,41].  

 

Figure 1: A mature female adult of Planococcus citri with a second instar nymph. The white wax layer covers the 

mealybug. Author: Alexander Wild [42]. 

1.3. Tremblaya princeps 

The longtime dependence of endosymbionts on their hosts leads to gene loss and 

extremely reduced genomes in the bacteria, approaching that of organellar 

genomes [15,16,18]. An extreme example is Candidatus Tremblaya princeps which possesses, 

with only 139 kilobase pairs (kb), one of the smallest prokaryotic genomes reported so far in 

terms of gene number and genome size. The designation “Candidatus” indicates that 

T. princeps has not been isolated and cultivated under laboratory conditions yet. T. princeps 

are pleomorphic bacteria with a gram-negative cell wall without peptidoglycan, which is 

enclosed by an additional host-derived membrane [30,35,37,43]. Usually, bacteria with 

strongly reduced genomes have an extremely high gene density. However, the genome of 

T. princeps has a coding density of only 73% and additionally, it contains approximately 

19 detectable pseudogenes. The rest of the approximately 120 protein-coding genes are mostly 

devoted to the expression of almost complete ribosomes, the assembly of iron-sulfur clusters 

and the partial synthesis of several essential amino acids. Surprisingly, the genome was found 

to be missing essential translation-related genes, such as aminoacyl-tRNA synthetases, 

bacterial translational release factors, bacterial elongation factors, ribosome recycling factors 

and peptide deformylase [22,39,44,45]. 



 

4 

 

 

Figure 2: Brightfield and transmission electron microscopy (TEM) pictures from mealybug and bacteriocytes. A) Light 
microscopic image showing a longitudinal section of a mealybug. The bacteriome, outlined in white, is in the abdomen of the 

insect. Image adapted from Szabo et al. [38]. B) TEM images depicting one bacteriocyte outlined by a white dashed line. 

Individual bacteriocytes contain up to seven enlarged bacterial symbionts, which themselves host several bacteria. Images 

adapted from Szabo et al. [38]. C) TEM image showing the structure of a bacteriocyte, where the central host nucleus is 
surrounded by approximately seven T. princeps cells containing M. endobia. Scale bar is 2.33 µm; b, M. endobia n, nucleus 

ss, symbiotic sphere (T. princeps). Image adapted from von Dohlen et al. [19]. D) TEM image displays the three membranes 

of T. princeps (white arrows) and two membranes of M. endobia (black arrows) at high magnification. Scale bar is ~0.07 µm; 

hc, host cell cytoplasm; im, inner membrane; m, mitochondrion; om, outer membrane. Image adapted from von Dohlen et 

al. [19]. 

1.4. Moranella endobia 

In general, bacteria with the smallest genomes (<500 kb) are often missing essential 

genes, including those involved in DNA (Deoxyribonucleic acid) and RNA (Ribonucleic acid) 

synthesis, DNA repair, transcription, translation, and transfer RNA (tRNA) aminoacylation. 

How these organisms are still able to function, replicate, and express genes regardless of the 

absence of important genes for the cellular machinery remains an unanswered question 

[16,46]. 

In the case of T. princeps, the genomic erosion might be explained by the presence of 

M. endobia in its cytoplasm [44]. The genome of M. endobia is with 538 kb almost four times 

larger than the genome of T. princeps. Its 406 protein-coding genes contain all the critical 

translation-related genes missing or pseudogenized in T. princeps [39,44]. Therefore, it is 

hypothesized that many metabolites, proteins, and tRNAs essential for replication, 

transcription, and translation, are transported either from M. endobia or from the host cell to 

T. princeps in order to substitute the missing genes [22]. 

Regardless of many in silico predictions, the way in which M. endobia supplies 

T. princeps is still unknown. Husnik et al. [44] reported that P. citri obtained more than 20 

genes of diverse bacterial origin (other than its own endosymbionts) via HGT. Many of these 
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genes play a role in peptidoglycan production and recycling. It has been hypothesized that 

those genes are involved in the controlled cell lysis of M. endobia. In this way, T. princeps 

could “harvest” gene products from its endosymbiont [22,44]. A recent publication analyzed 

the acquired complex metabolic patchwork for the formation of the peptidoglycan layer in 

M. endobia. Although no new evidence for the regulation of cell lysis was published, the study 

revealed that horizontally transferred gene (HTG) products from the insect genome are 

targeted and functional in the endosymbiont. [15] 

1.5. Horizontal gene transfer 

Horizontal gene transfer is the movement of one gene from one to the genome of 

another organism in a different way than vertical inheritance [15]. In general, HGT is possible 

between any two DNA-based life-forms. Although genes are frequently transferred between 

microorganisms, they are only relatively rarely transferred from microorganisms to 

multicellular hosts with a separated germline. Little is known about the importance of HGTs 

in the evolution of classical organelles. However, there are many traces of genes from external 

bacteria in eukaryotic genomes. The search for HTG in multiple analogous endosymbiotic 

systems has revealed numerous examples. Usually, the HTGs are involved in nutrition or 

protection from predators, pathogens and environmental stress [11,15,47–51]. 

Contrary to classical organelles, there are no documented gene transfers from T. 

princeps to the host genome. At least 22 HTGs were uncovered from heterologous bacterial 

sources (not from the current endosymbionts) in the genome of P. citri, which are expressed 

in bacteriocytes. All these genes are absent in the genomes of T. princeps and M. endobia. 

HTGs are involved in vitamin and amino acid biosynthesis as well as in bacterial cell wall 

maintenance, by complementing biosynthetic pathways of both T. princeps and M. endobia. 

Eukaryotic signal sequences were identified in five HTGs, which are overexpressed in the 

bacteriome. Four of them play a role in peptidoglycan formation and the fifth was identified 

as ribosomal RNA (rRNA) large subunit methyltransferase gene I (rlmI). This gene, which 

originates from the Enterobacteriaceae family (γ-proteobacteria), was found to be 26.4 times 

more abundant in the transcriptome of the bacteriome than in the rest of the insect [44].  

1.6. rRNA large subunit methyltransferase I 

If RlmI would have been a standard eukaryotic protein, its name would be in all capitals 

“RLMI”, but since it has a bacterial origin it is named “RlmI”. In prokaryotes, a range of 

rRNA-modifying enzymes can be found, which recognize their target nucleotides without a 



 

6 

 

guide RNA. Especially, methyltransferases are very stringent in modifying their substrate; 

each methylation site has its own specific enzyme [52]. The methylated nucleotides are 

involved in the assembly, maturation, and regulation of the ribosomes. It was reported, they 

can even provide antibiotic resistance [53–58]. 

In prokaryotes, methylations at the 5-position of cytosine (m5C or 5-methylcytidine) 

are present only in rRNA, where they are hypothesized to improve translational 

fidelity [58,59]. Ribosomal RNA of Escherichia coli (E. coli) contains three m5C, which were 

biochemically and structurally extensively investigated [60]. Those methylations are at the 

positions C967 and C1407 of 16S rRNA and at C1962 of 23S rRNA. The corresponding 

methyltransferases are RsmB (formerly Fmu/Fmv), RsmF (formerly YebU) and RlmI 

(formerly YccW), respectively [52,60]. 

Interestingly, the sequence of rlmI is more closely related to known 5-methyluridin 

methyltransferases than to the two other methyltransferases in E. coli [60]. It consists of three 

domains: The N-terminal pseudouridine synthase and archaeosine transglycosylase (PUA) 

domain, the central domain, which has a similar motif present in other 5-methyluridine 

methyltransferases, and the C-terminal catalytic domain which has an S-Adenosylmethionine-

binding site. The last two domains are connected by a β-hairpin structure [53]. 

In bacteria, the 23S rRNA forms together with the 5S rRNA the 50S rRNA also called 

large ribosomal subunit, which assembles together with the 16S rRNA and additional 

ribosome proteins to the complete ribosomes [61]. RlmI only modifies the unassembled 23S 

rRNA. It does not modify 50S ribosomal subunits, even though, the position m5C1962 is 

located at the subunit interface and should, therefore, be rather accessible (Figure 3) [60]. It 

was observed that all three m5C methylations are equiplanar to the tRNA at the P-site. The 

methylation at C1962 is conserved in bacteria and its absence leads to a marginally observable 

decrease in fitness [52]. There might be a more prominent effect if bacteria are exposed to 

stress conditions. 5-methylcytidine at the position 1962 is part of a phylogenetically highly 

conserved structure of helix 70. Therefore the 5-methyl group might aid the coaxial helical 

and cross-strand stacking interactions which is thought to stabilize 23S rRNA. Other studies 

connect m5C methylations with the initiator tRNA selection (m5C1407) and stabilization of 

the tRNA interaction in the P site (m5C967) [52,54,62–65]. 
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Figure 3: Models of 23S rRNA and RlmI. A) A model of 16S (yellow) and 23S (grey) rRNA without ribosome proteins, 

showing the locations of the m5C modifications, indicated by red spheres. Pseudouridine modifications at positions indicated 
with green spheres and the ribosomal P site are represented by the bound tRNA (magenta) [52]. B) Protein homology model 

of RlmI created with Phyre2 [66,67]. 

 

The following passage starting from page 7-10, in total 4 pages, 

(referring to the original version) contains classified information 

which is available only in the archived original of the graduation 

thesis deposited at the Faculty of Science USB.
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2. Material and Methods 

2.1. Cultivation of the mealybugs 

Samples of the mealybug species P. citri (citrus mealybug; collection location: winter 

garden of the Faculty of Science, University of South Bohemia) were identified and provided 

by Filip Husnik, Biodiversity Research Centre & Department of Botany, Vancouver, Canada. 

The mealybugs were cultivated on sprouting potatoes in a terrarium at room temperature. 

2.2.  Bisulfite sequencing 

Bisulfite treatment of endosymbiotic rRNA was performed with the EpiTect Bisulfite 

Kit (Qiagen), according to Schaefer et al. [71]. Reverse transcription of 1 µg of bisulfite-

treated RNA was performed by Superscript IV reverse transcriptase (Thermo Fisher) with 

random hexamers. Regions of interest were amplified by PCR with primers specific for the 

converted rRNA sequence (Table 1). Gel extracted PCR amplicons were cloned into a pGEM 

T-Easy vector (Promega). Plasmids of 10 clones were sequenced by Sanger sequencing 

(Eurofins). 

 

Table 1: List of the primers used to amplify the bisulfite-treated regions of interest. 

The following passage in the scope of one table contains classified 

information which is available only in the archived original of the 

graduation thesis deposited at the Faculty of Science USB. 

2.3. Preparation of the overexpression vector 

The construct for the overexpression of the Rlm1 was created by PCR. The designed 

primers (Table 2) were specific for the exon 3 of rlm1 (Error! Reference source not found.), 

flanked with the restriction sites at 5‘ and 3‘ for HindIII and BamHI, respectively. The 

resulting PCR product was cloned into pGEM, transfected into XL – Blue Super competent 

cells (Agilent Technologies), and sequenced. The verified construct and the overexpression 

vector pSKB3 (Addgene) were digested with BamHI HF and HindIII HF (New England 

Biolabs), and the obtained gel-purified fragments were ligated with T4 Ligase (New England 

Biolabs). Next, 50 ng of the plasmid was transfected into 50 µl of OverExpress™ C41 E. coli 

cells, followed by selection with 30 µg/ml kanamycin (Kan).  
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Table 2: List of primers used to amplify the exon 3 of the rlmI gene. 

Forward 5’- CGCGGATCCGGCAGCATTCCCAAAACACCC -3’ 

Reverse 5’- CCCAAGCTTTTACTCGACCCGACAAGCGAATC -3’ 

2.4. Solubility test of the overexpressed protein 

5 ml of overnight E. coli culture was transferred into 100 ml lysogeny broth (LB) media 

with 30 µg/ml Kan and grown under constant shaking for 2 h at 37°C. The overexpression was 

induced by 1 mM isopropyl-β-D-thiogalactopyranoside (IPTG), cells were incubated for 

another 4 h, and harvested at 4000 g for 20 min. The pellet was resuspended in lysis buffer 

(50 mM sodium dihydrogen phosphate, 300 mM sodium chloride (NaCl), 10 mM imidazole, 

pH8), frozen and then sonicated. Soluble and insoluble fractions were separated by 

centrifugation at 10,000 g for 30 min. Proteins were visualized by Coomassie-stained 

SDS/PAGE and by western blot analysis using mouse α-His (1:2000) as primary and goat α-

mouse HRP (1:2000) as secondary antibodies.  

2.5. Purification of the recombinant protein and generation of polyclonal 

antibodies 

The recombinant protein was affinity purified using an ÄKTA prime plus 

chromatography systems (GE Healthcare Life science) equipped with a His Trap column (GE 

Healthcare Life science), eluted in elution buffer (200 mM NaCl, 400 mM imidazole, 0.5% 

sodium lauroyl sarcosinate (Sarkosyl), 20 mM phosphate buffer (PB), pH 7) and dialyzed 

against the storage buffer (200 mM NaCl, 125 mM imidazole, 0.5% Sarkosyl, 20 mM PB, 

10% glycerol, 2 mM Dithiothreitol (DTT), pH 7). The protein concentration was determined 

with Bradford assay (Biorad), the amino acid sequence was validated by Mass spectrometry 

analysis (MS) and the protein was sent to “Davids Biotechnologie GmbH” for antibody 

production. Obtained polyclonal antibodies, from recombinant proteins and synthesized 

oligopeptides, were partially purified by the company using affinity chromatography against 

Rlm1. Another batch of polyclonal antibodies was raised in the animal facility of the Biology 

Center of the Czech Academy of Sciences in Budweis. The homemade sera were affinity 

purified with Cyanogen Bromide-Activated Matrices (Sigma) against the recombinant protein. 

Western blot analysis was performed to evaluate the specificity of generated antibodies against 

the recombinant protein. 
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2.6. Giemsa staining 

Smears of bacteriomes were fixed with methanol and stained with Giemsa (Sigma 

Aldrich). Slides were observed under fluorescence microscope AxioPlan 2 (Carl Zeiss 

Microscopy GmbH, Jena, Germany) equipped with CCD DP73 camera (Olympus Japan). 

2.7. Mallory staining 

Mealybugs were fixed overnight at 4°C in Bouin-Hollande solution without acetic acid 

supplemented with 0.7% mercuric chloride [72]. Standard techniques were used for tissue 

dehydration, embedding in paraplast, sectioning to 7 m, deparaffinization, and rehydration. 

The sections were treated with Lugol’s iodine followed by a 7.5% solution of sodium 

thiosulphate to remove residual heavy metal ions and then washed in distilled water. Staining 

was performed with Trichrome stain (Masson) kit (Sigma) according to the manufacturer’s 

protocol. Stained sections were dehydrated, mounted in DPX mounting medium (Fluka) and 

viewed and imaged under BX51 (Olympus, Japan) equipped with CCD DP camera (Olympus, 

Japan). 

2.8. Immunohistochemical analyses 

Whole P. citri and dissected bacteriomes were fixed in 4% paraformaldehyde at 4°C 

for 8 h, washed (3 times, 15 min each) in PB and blocked with 5% normal goat serum in PB 

supplemented by 0.5% Triton X-100 (PBT) at room temperature for 2 h. The samples were 

incubated with rabbit α-RlmI antibody diluted 1:100 in the blocking solution at 4°C for 2 days, 

washed (6 times, 10 min each) in PBT and incubated with goat α-rabbit IgG (H+L) Alexa 

Fluor 488 (Life Technologies) diluted 1:200 in the blocking solution at 4°C for 8 h. Pre-

immune serum was used as a negative control. After washing (6 times, 10 min each) in PBT, 

the samples were mounted in FluoroShieldTM (Sigma Aldrich) containing 4',6-diamidino-2-

phenylindole (DAPI) on glass slides and observed and imaged under FluoView FV3000 

confocal laser scanning microscope (Olympus, Japan). Image processing was done with 

FV31S-SW (Olympus), Photoshop CS4 Version 11 (Adobe Systems) and Imaris 6.3.1 

(Bitplane). 

2.9. Fluorescence in situ hybridization 

Dissected bacteriomes were fixed in 4% paraformaldehyde and dehydrated by 2x 

10 min incubations in 70%, 96%, and 100% ethanol. Hybridization was performed according 

to the work by Pernthaler et al. [73]. Probes were generously provided by Filip Husnik. 
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No-probe controls were used to assess insect tissue autofluorescence. The fluorophore-labeled 

oligonucleotide probes targeting 16S rRNA, which were used for endosymbiont in situ 

hybridization are listed in Table 3. Otherwise, the samples were mounted, visualized and 

processed in the same way as mentioned above (Chapter 2.8) 

Table 3: List of the probes used for the 16S rRNA FISH. 

T. princeps (b886) 5′-Cy3-TCAGGCGGTCGACTTCAT-3′ 

M. endobia (g630) 5′-Cy5-CGAGACTCTAGCCTATCAGTTTC-3′ 

 

The following passage starting from page 15-27, in total 13 pages, 

(referring to the original version) contains classified information 

which is available only in the archived original of the graduation 

thesis deposited at the Faculty of Science USB



 

28 

 

References 
1. Embley TM, Martin WF. Eukaryotic evolution, changes and challenges. Nature. 2006; 

440: 623–630. doi: 10.1038/nature04546. 

2. Mullock BM, Luzio JP. Theory of Organelle Biogenesis: A Historical Perspective: 

Landes Bioscience; 2013. 

3. Gruber A. What’s in a name? How organelles of endosymbiotic origin can be 

distinguished from endosymbionts. Microb Cell. 2019; 6: 123–133. 

doi: 10.15698/mic2019.02.668. 

4. Ernster L., Schatz G. Mitochondria: a historical review. The Journal of Cell Biology. 

1981; 1981: 227–255. 

5. Martin WF, Garg S, Zimorski V. Endosymbiotic theories for eukaryote origin. Philos 

Trans R Soc Lond , B, Biol Sci. 2015; 370: 20140330. doi: 10.1098/rstb.2014.0330. 

6. Archibald JM. Endosymbiosis and Eukaryotic Cell Evolution. Current Biology. 2015; 25: 

R911-R921. doi: 10.1016/j.cub.2015.07.055. 

7. Imanian B, Carpenter KJ, Keeling PJ. Mitochondrial genome of a tertiary endosymbiont 

retains genes for electron transport proteins. J Eukaryot Microbiol. 2007; 54: 146–153. 

doi: 10.1111/j.1550-7408.2007.00245.x. 

8. Archibald JM, Keeling PJ. Recycled plastids: a ‘green movement’ in eukaryotic 

evolution. Trends in Genetics. 2002; 18: 577–584. doi: 10.1016/S0168-9525(02)02777-

4. 

9. Gray MW, Burger G, Lang BF. Mitochondrial evolution. Science. 1999; 283: 1476–1481. 

doi: 10.1126/science.283.5407.1476. 

10. Palmer JD. The Symbiotic Birth and Spread of Plastids: How many Times and Whodunit. 

Journal of Phycology. 2003; 39: 4–12. doi: 10.1046/j.1529-8817.2003.02185.x. 

11. McCutcheon JP, Keeling PJ. Endosymbiosis: protein targeting further erodes the 

organelle/symbiont distinction. Curr Biol. 2014; 24: R654-R655. 

doi: 10.1016/j.cub.2014.05.073. 

12. Keeling PJ, Archibald JM. Organelle Evolution: What's in a Name. Current Biology. 

2008; 18: R345-R347. doi: 10.1016/j.cub.2008.02.065. 



 

29 

 

13. Nowack ECM, Grossman AR. Trafficking of protein into the recently established 

photosynthetic organelles of Paulinella chromatophora. Proc Natl Acad Sci U S A. 2012; 

109: 5340–5345. doi: 10.1073/pnas.1118800109. 

14. Nakabachi A, Ishida K, Hongoh Y, Ohkuma M, Miyagishima S-Y. Aphid gene of 

bacterial origin encodes a protein transported to an obligate endosymbiont. Curr Biol. 

2014; 24: R640-R641. doi: 10.1016/j.cub.2014.06.038. 

15. Bublitz DC, Chadwick GL, Magyar JS, Sandoz KM, Brooks DM, Mesnage S, et al. 

Peptidoglycan Production by an Insect-Bacterial Mosaic. Cell. 2019; 179: 703-712.e7. 

doi: 10.1016/j.cell.2019.08.054. 

16. Moran NA, Bennett GM. The tiniest tiny genomes. Annu Rev Microbiol. 2014; 68: 195–

215. doi: 10.1146/annurev-micro-091213-112901. 

17. McCutcheon JP. From microbiology to cell biology: when an intracellular bacterium 

becomes part of its host cell. Curr Opin Cell Biol. 2016; 41: 132–136. 

doi: 10.1016/j.ceb.2016.05.008. 

18. McCutcheon JP, Moran NA. Extreme genome reduction in symbiotic bacteria. Nat Rev 

Microbiol. 2011; 10: 13–26. doi: 10.1038/nrmicro2670. 

19. von Dohlen CD, Kohler S, Alsop ST, McManus WR. Mealybug β-proteobacterial 

endosymbionts contain γ-proteobacterial symbionts. Nature. 2001; 412: 433–436. 

doi: 10.1038/35086563. 

20. Moran NA, Telang A. Bacteriocyte-Associated Symbionts of Insects. BioScience. 1998; 

48: 295–304. doi: 10.2307/1313356. 

21. Spaulding AW, Dohlen CD von. Phylogenetic characterization and molecular evolution 

of bacterial endosymbionts in psyllids (Hemiptera: Sternorrhyncha). Mol Biol Evol. 

1998; 15: 1506–1513. doi: 10.1093/oxfordjournals.molbev.a025878. 

22. López-Madrigal S, Balmand S, Latorre A, Heddi A, Moya A, Gil R. How does Tremblaya 

princeps get essential proteins from its nested partner Moranella endobia in the Mealybug 

Planoccocus citri. PLoS ONE. 2013; 8: e77307. doi: 10.1371/journal.pone.0077307. 

23. Fukatsu T, Nikoh N. Endosymbiotic Microbiota of the Bamboo Pseudococcid Antonina 

crawii (Insecta, Homoptera). Appl Environ Microbiol. 2000; 66: 643–650. 



 

30 

 

24. Tetsuhiko Sasaki, Maki Kawamura, Hajime Ishikawa. Nitrogen recycling in the brown 

planthopper, Nilaparvata lugens: Involvement of yeast-like endosymbionts in uric acid 

metabolism. Journal of Insect Physiology. 1996; 42: 125–129. doi: 10.1016/0022-

1910(95)00086-0. 

25. Baumann P, Baumann L, Lai CY, Rouhbakhsh D, Moran NA, Clark MA. Genetics, 

physiology, and evolutionary relationships of the genus Buchnera: intracellular symbionts 

of aphids. Annu Rev Microbiol. 1995; 49: 55–94. 

doi: 10.1146/annurev.mi.49.100195.000415. 

26. Douglas AE. Mycetocyte Symbiosis in Insects. Biological Reviews. 1989; 64: 409–434. 

doi: 10.1111/j.1469-185X.1989.tb00682.x. 

27. Douglas AE. Nutritional interactions in insect-microbial symbioses: aphids and their 

symbiotic bacteria Buchnera. Annu Rev Entomol. 1998; 43: 17–37. 

doi: 10.1146/annurev.ento.43.1.17. 

28. Houk EJ, Griffiths GW. Intracellular Symbiotes of the Homoptera. Annu Rev Entomol. 

1980; 25: 161–187. doi: 10.1146/annurev.en.25.010180.001113. 

29. Gruwell ME, Hardy NB, Gullan PJ, Dittmar K. Evolutionary relationships among 

primary endosymbionts of the mealybug subfamily phenacoccinae (hemiptera: 

Coccoidea: Pseudococcidae). Appl Environ Microbiol. 2010; 76: 7521–7525. 

doi: 10.1128/AEM.01354-10. 

30. Thao ML, Gullan PJ, Baumann P. Secondary (gamma-Proteobacteria) endosymbionts 

infect the primary (beta-Proteobacteria) endosymbionts of mealybugs multiple times and 

coevolve with their hosts. Appl Environ Microbiol. 2002; 68: 3190–3197. 

doi: 10.1128/aem.68.7.3190-3197.2002. 

31. Ben-Dov Y. A systematic catalogue of the mealybugs of the world (Insecta: Homoptera: 

Coccoidea: Pseudococcidae and Putoidae) with data on geographical distribution, host 

plants, biology and economic importance. A systematic catalogue of the mealybugs of 

the world (Insecta: Homoptera: Coccoidea: Pseudococcidae and Putoidae) with data on 

geographical distribution, host plants, biology and economic importance. 1994. 

32. Gullan PJ, Kosztarab M. Adaptatations in Scale Insects. Annu Rev Entomol. 1997; 42: 

23–50. doi: 10.1146/annurev.ento.42.1.23. 



 

31 

 

33. Nur UZI. Parthenogenesis in Coccids (Homoptera). Am Zool. 1971; 11: 301–308. 

doi: 10.1093/icb/11.2.301. 

34. Williams DJ. Australian mealybugs. London: British Museum (Natural History); 1985. 

35. Iaccarino FM, Tremblay E. Ultrastructural observations on the endosymbiosis of 

Planococcus citri (Risso) (Homoptera, Coccoidea). Bolettino del Laboratorio di 

Entomologia Agraria Filippo Silvestri, Portici. 1970; 28: 35–48. 

36. Buchner P. Endosymbiosis of animals with plant microorganisms. New York: John Wiley 

and Sons Interscience; 1965. 

37. Tremblay E. Coccoidea endosymbiosis. Fla.: CRC Press, Boca Raton; 1989. 

38. Szabó G, Schulz F, Toenshoff ER, Volland J-M, Finkel OM, Belkin S, et al. Convergent 

patterns in the evolution of mealybug symbioses involving different intrabacterial 

symbionts. ISME J. 2017; 11: 715–726. doi: 10.1038/ismej.2016.148. 

39. McCutcheon JP, von Dohlen CD. An interdependent metabolic patchwork in the nested 

symbiosis of mealybugs. Curr Biol. 2011; 21: 1366–1372. 

doi: 10.1016/j.cub.2011.06.051. 

40. Koga R, Nikoh N, Matsuura Y, Meng X-Y, Fukatsu T. Mealybugs with distinct 

endosymbiotic systems living on the same host plant. FEMS Microbiol Ecol. 2013; 83: 

93–100. doi: 10.1111/j.1574-6941.2012.01450.x. 

41. Gatehouse LN, Sutherland P, Forgie SA, Kaji R, Christeller JT. Molecular and 

Histological Characterization of Primary (Betaproteobacteria) and Secondary 

(Gammaproteobacteria) Endosymbionts of Three Mealybug Species. Appl. Environ. 

Microbiol. 2012; 78: 1187–1197. doi: 10.1128/AEM.06340-11. 

42. Alexander Wild. Available: https://www.alexanderwild.com. Accessed 18 November 

2019. 

43. Murray RG, Schleifer KH. Taxonomic notes: a proposal for recording the properties of 

putative taxa of procaryotes. Int J Syst Bacteriol. 1994; 44: 174–176. 

doi: 10.1099/00207713-44-1-174. 

44. Husnik F, Nikoh N, Koga R, Ross L, Duncan RP, Fujie M, et al. Horizontal gene transfer 

from diverse bacteria to an insect genome enables a tripartite nested mealybug symbiosis. 

Cell. 2013; 153: 1567–1578. doi: 10.1016/j.cell.2013.05.040. 



 

32 

 

45. López-Madrigal S, Latorre A, Porcar M, Moya A, Gil R. Complete genome sequence of 

"Candidatus Tremblaya princeps" strain PCVAL, an intriguing translational machine 

below the living-cell status. J Bacteriol. 2011; 193: 5587–5588. doi: 10.1128/JB.05749-

11. 

46. Mao M, Yang X, Bennett GM. Evolution of host support for two ancient bacterial 

symbionts with differentially degraded genomes in a leafhopper host. Proc Natl Acad Sci 

U S A. 2018; 115: E11691-E11700. doi: 10.1073/pnas.1811932115. 

47. Richards TA, Leonard G, Soanes DM, Talbot Nicholas J. Gene transfer into the fungi. 

Fungal Biology Reviews. 2011; 25: 98–110. doi: 10.1016/j.fbr.2011.04.003. 

48. Dunning Hotopp JC. Horizontal gene transfer between bacteria and animals. Trends in 

Genetics. 2011; 27: 157–163. doi: 10.1016/j.tig.2011.01.005. 

49. Husnik F, McCutcheon JP. Functional horizontal gene transfer from bacteria to 

eukaryotes. Nat Rev Microbiol. 2018; 16: 67–79. doi: 10.1038/nrmicro.2017.137. 

50. Koonin EV, Makarova KS, Aravind L. Horizontal gene transfer in prokaryotes: 

quantification and classification. Annu Rev Microbiol. 2001; 55: 709–742. 

doi: 10.1146/annurev.micro.55.1.709. 

51. Ochman H, Lawrence JG, Groisman EA. Lateral gene transfer and the nature of bacterial 

innovation. Nature. 2000; 405: 299–304. doi: 10.1038/35012500. 

52. Purta E, O'Connor M, Bujnicki JM, Douthwaite S. YccW is the m5C methyltransferase 

specific for 23S rRNA nucleotide 1962. Journal of Molecular Biology. 2008; 383: 641–

651. doi: 10.1016/j.jmb.2008.08.061. 

53. Sunita S, Tkaczuk KL, Purta E, Kasprzak JM, Douthwaite S, Bujnicki JM, et al. Crystal 

structure of the Escherichia coli 23S rRNA:m5C methyltransferase RlmI (YccW) reveals 

evolutionary links between RNA modification enzymes. Journal of Molecular Biology. 

2008; 383: 652–666. doi: 10.1016/j.jmb.2008.08.062. 

54. Das G, Thotala DK, Kapoor S, Karunanithi S, Thakur SS, Singh NS, et al. Role of 16S 

ribosomal RNA methylations in translation initiation in Escherichia coli. The EMBO 

Journal. 2008; 27: 840–851. doi: 10.1038/emboj.2008.20. 

55. Douthwaite S, Fourmy D, Yoshizawa S. Nucleotide methylations in rRNA that confer 

resistance to ribosome-targeting antibiotics. In: Grosjean H, editor. Fine-Tuning of RNA 



 

33 

 

Functions by Modification and Editing. Berlin Heidelberg: Springer-Verlag GmbH; 

2005. pp. 285–307. 

56. Lapeyre B. Conserved ribosomal RNA modification and their putative roles in ribosome 

biogenesis and translation. In: Grosjean H, editor. Fine-Tuning of RNA Functions by 

Modification and Editing. Berlin Heidelberg: Springer-Verlag GmbH; 2005. pp. 263–

284. 

57. Grosjean H, editor. Fine-Tuning of RNA Functions by Modification and Editing. Berlin 

Heidelberg: Springer-Verlag GmbH; 2005. 

58. Chow CS, Lamichhane TN, Mahto SK. Expanding the nucleotide repertoire of the 

ribosome with post-transcriptional modifications. ACS Chem Biol. 2007; 2: 610–619. 

doi: 10.1021/cb7001494. 

59. Edelheit S, Schwartz S, Mumbach MR, Wurtzel O, Sorek R. Transcriptome-wide 

mapping of 5-methylcytidine RNA modifications in bacteria, archaea, and yeast reveals 

m5C within archaeal mRNAs. PLoS Genet. 2013; 9: e1003602. 

doi: 10.1371/journal.pgen.1003602. 

60. Motorin Y, Lyko F, Helm M. 5-methylcytosine in RNA. Detection, enzymatic formation 

and biological functions. Nucleic Acids Res. 2010; 38: 1415–1430. 

doi: 10.1093/nar/gkp1117. 

61. Ban N, Freeborn B, Nissen P, Penczek P, Grassucci RA, Sweet R, et al. A 9 Å Resolution 

X-Ray Crystallographic Map of the Large Ribosomal Subunit. Cell. 1998; 93: 1105–

1115. doi: 10.1016/S0092-8674(00)81455-5. 

62. Andersen NM, Douthwaite S. YebU is a m5C Methyltransferase Specific for 16 S rRNA 

Nucleotide 1407. Journal of Molecular Biology. 2006; 359: 777–786. 

doi: 10.1016/j.jmb.2006.04.007. 

63. Noller HF. RNA structure: reading the ribosome. Science. 2005; 309: 1508–1514. 

doi: 10.1126/science.1111771. 

64. Ofengand J, Del Campo M. Modified Nucleosides of Escherichia coli Ribosomal RNA. 

EcoSal Plus. 2004; 1. doi: 10.1128/ecosalplus.4.6.1. 



 

34 

 

65. Sergiev PV, Bogdanov AA, Dontsova OA. Ribosomal RNA guanine-(N2)-

methyltransferases and their targets. Nucleic Acids Res. 2007; 35: 2295–2301. 

doi: 10.1093/nar/gkm104. 

66. Kelley LA, Mezulis S, Yates CM, Wass MN, Sternberg MJE. The Phyre2 web portal for 

protein modeling, prediction and analysis. Nat Protoc. 2015; 10: 845–858. 

doi: 10.1038/nprot.2015.053. 

67. Reynolds CR, Islam SA, Sternberg MJE. EzMol: A Web Server Wizard for the Rapid 

Visualization and Image Production of Protein and Nucleic Acid Structures. Journal of 

Molecular Biology. 2018; 430: 2244–2248. doi: 10.1016/j.jmb.2018.01.013. 

68. Almagro Armenteros JJ, Tsirigos KD, Sønderby CK, Petersen TN, Winther O, Brunak S, 

et al. SignalP 5.0 improves signal peptide predictions using deep neural networks. Nat 

Biotechnol. 2019; 37: 420–423. doi: 10.1038/s41587-019-0036-z. 

69. Filip Husnik et al. Available: 

https://www.pnas.org/highwire/filestream/623227/field_highwire_adjunct_files/1/pnas.

1603910113.sd02.xls. Accessed 10 December 2019. 

70. Available: https://www.ncbi.nlm.nih.gov/. Accessed 10 December 2019. 

71. Schaefer M, Pollex T, Hanna K, Lyko F. RNA cytosine methylation analysis by bisulfite 

sequencing. Nucleic Acids Res. 2009; 37: e12. doi: 10.1093/nar/gkn954. 

72. Levine JD, Sauman I, Imbalzano M, Reppert SM, Jackson FR. Period protein from the 

giant silkmoth antheraea pernyi functions as a circadian clock element in drosophila 

melanogaster. Neuron. 1995; 15: 147–157. doi: 10.1016/0896-6273(95)90072-1. 

73. Pernthaler J, Glöckner FO, Schönhuber W, Amann R. Fluorescence in situ hybridization. 

Methods in Microbiology: Marine Microbiology. 2001; 30: 211–226. 

74. Singer A, Poschmann G, Mühlich C, Valadez-Cano C, Hänsch S, Hüren V, et al. Massive 

Protein Import into the Early-Evolutionary-Stage Photosynthetic Organelle of the 

Amoeba Paulinella chromatophora. Curr Biol. 2017; 27: 2763-2773.e5. 

doi: 10.1016/j.cub.2017.08.010. 

75. Metcalf JA, Funkhouser-Jones LJ, Brileya K, Reysenbach A-L, Bordenstein SR. 

Antibacterial gene transfer across the tree of life. eLIFE. doi: 10.7554/eLife.04266.001. 



 

35 

 

76. Stairs CW, Erne L, Muñoz-Gómez S, Cohen AM, Dellaire G, Shepherd JN, et al. 

Microbial eukaryotes have adapted to hypoxia by horizontal acquisitions of a gene 

involved in rhodoquinone biosynthesis. eLIFE. 

77. Chou S, Daugherty MD, Peterson SB, Biboy J, Yang Y, Jutras BL, et al. Transferred 

interbacterial antagonism genes augment eukaryotic innate immune function. Nature. 

2015; 518: 98–101. doi: 10.1038/nature13965. 

78. Dean P, Sendra KM, Williams TA, Watson AK, Major P, Nakjang S, et al. Transporter 

gene acquisition and innovation in the evolution of Microsporidia intracellular parasites. 

Nat Commun. 2018; 9: 1709. doi: 10.1038/s41467-018-03923-4. 

79. Kominek J, Doering DT, Opulente DA, Shen X-X, Zhou X, Virgilio J de, et al. Eukaryotic 

Acquisition of a Bacterial Operon; 2018. 

80. Milner DS, Attah V, Cook E, Maguire F, Savory FR, Morrison M, et al. Environment-

dependent fitness gains can be driven by horizontal gene transfer of transporter-encoding 

genes. Proc Natl Acad Sci U S A. 2019; 116: 5613–5622. doi: 10.1073/pnas.1815994116. 

81. Sasakura Y, Ogura Y, Treen N, Yokomori R, Park S-J, Nakai K, et al. Transcriptional 

regulation of a horizontally transferred gene from bacterium to chordate. Proc Biol Sci. 

2016; 283. doi: 10.1098/rspb.2016.1712. 

82. Duncan RP, Husnik F, van Leuven JT, Gilbert DG, Dávalos LM, McCutcheon JP, et al. 

Dynamic recruitment of amino acid transporters to the insect/symbiont interface. Mol 

Ecol. 2014; 23: 1608–1623. doi: 10.1111/mec.12627. 

83. Morales J, Kokkori S, Weidauer D, Chapman J, Goltsman E, Rokhsar D, et al. 

Development of a toolbox to dissect host-endosymbiont interactions and protein 

trafficking in the trypanosomatid Angomonas deanei. BMC Evol Biol. 2016; 16: 247. 

doi: 10.1186/s12862-016-0820-z. 

84. Husnik F, Keeling PJ. The fate of obligate endosymbionts: reduction, integration, or 

extinction. Curr Opin Genet Dev. 2019; 58-59: 1–8. doi: 10.1016/j.gde.2019.07.014. 

85. Gould SB, Garg SG, Martin WF. Bacterial Vesicle Secretion and the Evolutionary Origin 

of the Eukaryotic Endomembrane System. Trends Microbiol. 2016; 24: 525–534. 

doi: 10.1016/j.tim.2016.03.005. 



 

36 

 

86. Elhenawy W, Debelyy MO, Feldman MF. Preferential packing of acidic glycosidases and 

proteases into Bacteroides outer membrane vesicles. MBio. 2014; 5: e00909-14. 

doi: 10.1128/mBio.00909-14. 

87. Aschtgen M-S, Wetzel K, Goldman W, McFall-Ngai M, Ruby E. Vibrio fischeri-derived 

outer membrane vesicles trigger host development. Cell Microbiol. 2016; 18: 488–499. 

doi: 10.1111/cmi.12525. 

88. Bennett GM, Moran NA. Heritable symbiosis: The advantages and perils of an 

evolutionary rabbit hole. Proc Natl Acad Sci U S A. 2015; 112: 10169–10176. 

doi: 10.1073/pnas.1421388112. 

89. Parkinson JF, Gobin B, Hughes WOH. The more, the merrier? Obligate symbiont density 

changes over time under controlled environmental conditions, yet holds no clear fitness 

consequences. Physiol. Entomol. 2017; 42: 163–172. doi: 10.1111/phen.12186. 

90. Bronstein JL. The cost of Mutualism. Amer. Zool. 2001; 41: 825–839. 

91. Cunning R, Baker AC. Not just who, but how many: the importance of partner abundance 

in reef coral symbioses. Front Microbiol. 2014; 5: 400. doi: 10.3389/fmicb.2014.00400. 

92. Falkowski PG, Dublinsky Z, Muscatine L, McCloskey L. Population Control in 

Symbiotic Corals. BioScience. 1993; 43: 606–611. 

93. Laughton AM, Fan MH, Gerardo NM. The combined effects of bacterial symbionts and 

aging on life history traits in the pea aphid, Acyrthosiphon pisum. Appl Environ 

Microbiol. 2014; 80: 470–477. doi: 10.1128/AEM.02657-13. 

94. Rio RVM, Wu Y-n, Filardo G, Aksoy S. Dynamics of Multiple Symbiont Density 

Regulation during Host Development: Tsetse Fly and Its Microbial Flora. Proc. R. Soc. 

B. 2006; 273: 805–814. 

95. Mao M, Yang X, Bennett GM. Evolution of host support for two ancient bacterial 

symbionts with differentially degraded genomes in a leafhopper host. Proc Natl Acad Sci 

U S A. 2018; 115: E11691-E11700. doi: 10.1073/pnas.1811932115. 

96. Keeling PJ. The impact of history on our perception of evolutionary events: 

endosymbiosis and the origin of eukaryotic complexity. Cold Spring Harb Perspect Biol. 

2014; 6. doi: 10.1101/cshperspect.a016196. 



 

37 

 

97. Ku C, Nelson-Sathi S, Roettger M, Sousa FL, Lockhart PJ, Bryant D, et al. Endosymbiotic 

origin and differential loss of eukaryotic genes. Nature. 2015; 524: 427–432. 

doi: 10.1038/nature14963. 

98. Cavalier-Smith T, Lee JJ. Protozoa as Hosts for Endosymbioses and the Conversion of 

Symbionts into Organelles 1,2. The Journal of Protozoology. 1985; 32: 376–379. 

doi: 10.1111/j.1550-7408.1985.tb04031.x. 

99. Möbius K. Das Sterben der einzelligen und der vielzelligen Tiere. Biologisches 

Centralblatt. 1884; 4: 389–392. 

100. Gratz SJ, Cummings AM, Nguyen JN, Hamm DC, Donohue LK, Harrison MM, et al. 

Genome engineering of Drosophila with the CRISPR RNA-guided Cas9 nuclease. 

Genetics. 2013; 194: 1029–1035. doi: 10.1534/genetics.113.152710. 

101. Khan AM, Ashfaq M, Kiss Z, Khan AA, Mansoor S, Falk BW. Use of recombinant 

tobacco mosaic virus to achieve RNA interference in plants against the citrus mealybug, 

Planococcus citri (Hemiptera: Pseudococcidae). PLoS ONE. 2013; 8: e73657. 

doi: 10.1371/journal.pone.0073657. 

 


