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Abstract 30 

The mitochondrial genomes of apicomplexans comprise merely three protein-coding genes, 31 

alongside a set of thirty to forty genes encoding small RNAs (sRNAs), many of which exhibit 32 

homologies to rRNA from E. coli. The expression status and integration of these short RNAs 33 

into ribosomes remains unclear and direct evidence for active ribosomes within 34 

apicomplexan mitochondria is still lacking. In this study, we conducted small RNA 35 

sequencing on the apicomplexan Toxoplasma gondii to investigate the occurrence and 36 

function of mitochondrial sRNAs. To enhance the analysis of sRNA sequencing outcomes, 37 

we also re-sequenced the T. gondii mitochondrial genome using an improved organelle 38 

enrichment protocol and Nanopore sequencing. It has been established previously that the T. 39 

gondii genome comprises 21 sequence blocks that undergo recombination among 40 

themselves but that their order is not entirely random. The enhanced coverage of the 41 

mitochondrial genome allowed us to characterize block combinations at increased resolution. 42 

Employing this refined genome for sRNA mapping, we find that many small RNAs originated 43 

from the junction sites between protein-coding blocks and rRNA sequence blocks. 44 

Surprisingly, such block border sRNAs were incorporated into polysomes together with 45 

canonical rRNA fragments and mRNAs. In conclusion, apicomplexan ribosomes are active 46 

within polysomes and are indeed assembled through the integration of sRNAs, including 47 

previously undetected sRNAs with merged mRNA-rRNA sequences. Our findings lead to the 48 

hypothesis that T. gondii's block-based genome organization enables the dual utilization of 49 

mitochondrial sequences as both messenger RNAs and ribosomal RNAs, potentially 50 

establishing a link between the regulation of rRNA and mRNA expression. 51 

Introduction 52 

Apicomplexan parasites are a group of intracellular protozoan pathogens that can cause 53 

infectious diseases, including malaria and toxoplasmosis. Toxoplasmosis is caused by 54 

Toxoplasma gondii, one of the most widespread human parasites, with a seroprevalence of 55 
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more than one-quarter of humans worldwide (Molan et al., 2019). For many experimental 56 

questions, T. gondii remains an ideal model system for studying the molecular biology of 57 

Apicomplexa (Szabo and Finney, 2017). Given the economic and clinical impact of T. gondii 58 

and its apicomplexan relatives, there is continuous interest in distinctive biochemical and 59 

cellular features as potential targets for therapeutic intervention. 60 

Apicomplexan cells possess a single mitochondrion that is respirationally active and 61 

essential for parasite survival (MacRae et al., 2012; Melo et al., 2000; Seeber et al., 1998; 62 

Vercesi et al., 1998). With only three exceptions, all mitochondrial proteins are nuclear 63 

encoded and these nuclear genes contribute strongly to P. berghei and T. gondii cell fitness 64 

(Bushell et al., 2017; Sidik et al., 2016). Dozens of apicomplexan mitochondrial genomes 65 

have been sequenced (Berná et al., 2021b). These sequences showcase the extreme 66 

reductive evolution in apicomplexan mitochondria, setting records for the smallest 67 

mitochondrial genomes known to date, ranging in length from 6 to 11 kb (Hikosaka et al., 68 

2013; Oborník and Lukeš, 2015). Mitochondrial genome organization is evolutionarily very 69 

variable, with some species having a linear, monomeric genome (Babesia spp.), while others 70 

have concatenated arrays of genomes (Hikosaka et al., 2013). The T. gondii mitochondrial 71 

genome is composed of 21 repetitive sequence blocks that are organized on multiple DNA 72 

molecules of varying lengths and non-random combinations (Berná et al., 2021a; 73 

Namasivayam et al., 2021). Apicomplexan mitogenomes code only for three proteins (COB, 74 

COX1, COXIII) and have highly fragmented genes for rRNAs (Feagin et al., 2012; Seeber et 75 

al., 2020). For example, in P. falciparum, 34 genes for rRNA fragments are scattered across 76 

the mitochondrial DNA on both strands of the genome without any linear representation of 77 

the full-length large or small subunit rRNA (Feagin et al., 2012). How the multitude of rRNA 78 

fragments are assembled into functional mitoribosomes in T. gondii remains unknown. 79 

Since the electron transport chain in mitochondria is essential for the survival of 80 

apicomplexans, the expression of mitochondrial genes is likely to be essential as well. In fact, 81 

a nuclear-encoded RNA polymerase targeted to mitochondria has been shown to be 82 

https://paperpile.com/c/6969Hm/OvAT
https://paperpile.com/c/6969Hm/8qSt
https://paperpile.com/c/6969Hm/yRdj+GfBA+2U3Z+9Lzj
https://paperpile.com/c/6969Hm/yRdj+GfBA+2U3Z+9Lzj
https://paperpile.com/c/6969Hm/LuFz+gyz3
https://paperpile.com/c/6969Hm/ripd
https://paperpile.com/c/6969Hm/Y8in+SqAd
https://paperpile.com/c/6969Hm/Y8in+SqAd
https://paperpile.com/c/6969Hm/Y8in
https://paperpile.com/c/6969Hm/tYkW+IKOJ
https://paperpile.com/c/6969Hm/tYkW+IKOJ
https://paperpile.com/c/6969Hm/MQMg+A0EZ
https://paperpile.com/c/6969Hm/MQMg+A0EZ
https://paperpile.com/c/6969Hm/MQMg
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essential in the blood stages of Plasmodium spp. (Ke et al., 2012; Suplick et al., 1990). Two 83 

mitochondrially localized RNA binding proteins from the RAP (RNA-binding domain abundant 84 

in apicomplexans) family are also essential for the survival of P. falciparum, although their 85 

role in RNA metabolism has not yet been determined (Hollin et al., 2022). In addition, the 86 

depletion of nuclear encoded mito-ribosomal proteins of T. gondii (Lacombe et al. 2019; 87 

Shikha et al. 2022) and P. falciparum (Ke et al. 2018) led to defects in the assembly of ETC 88 

complexes and in parasite proliferation, suggesting that mitochondrial translation is important 89 

for parasite survival. Resistance to the antimalarial drug atovaquone in P. falciparum and T. 90 

gondii has been linked to mutations in the cob (cytB) gene of mitochondria (McFadden et al., 91 

2000; Srivastava et al., 1999; Syafruddin et al., 1999), further supporting the idea of active, 92 

essential translation in apicomplexan mitochondria. 93 

Despite the clear importance of mitogenome expression in Apicomplexa, we lack a 94 

comprehensive catalog of transcripts and processing events. Genome-length, polycistronic 95 

transcripts are produced in Plasmodium that encompass all three open reading frames (Ji et 96 

al., 1996). The existence of full-length mRNAs was further confirmed by cDNA amplifications 97 

(Namasivayam et al., 2021) and long read sequencing of mRNAs in both Plasmodium and 98 

Toxoplasma (Lee et al., 2021; Namasivayam et al., 2021). There is no evidence of dedicated 99 

transcription initiation for individual protein-coding genes, and it is assumed that mRNAs are 100 

processed from the polycistronic precursor (Feagin et al., 2012; Hillebrand et al., 2018; 101 

Rehkopf et al., 2000; Suplick et al., 1990), but the mechanism of processing and the required 102 

machinery are unknown. Similarly, the production of rRNA fragments is achieved post-103 

transcriptionally by processing long precursor RNAs (Ji et al. 1996). A catalog of small RNAs, 104 

mostly rRNA fragments, was described for P. falciparum based on small RNA sequencing 105 

(Hillebrand et al., 2018), but in other apicomplexans, including T. gondii, our understanding 106 

of rRNA species is limited and mostly based on predictions through sequence comparisons 107 

with Plasmodium (Feagin et al., 2012; Namasivayam et al., 2021). 108 

https://paperpile.com/c/6969Hm/0bH8+cwXT
https://paperpile.com/c/6969Hm/Yp9O
https://paperpile.com/c/6969Hm/jIsQ+uBXg
https://paperpile.com/c/6969Hm/jIsQ+uBXg
https://paperpile.com/c/6969Hm/Q743
https://paperpile.com/c/6969Hm/m5Ppf+Yuho2+hnYxw
https://paperpile.com/c/6969Hm/m5Ppf+Yuho2+hnYxw
https://paperpile.com/c/6969Hm/AmFi
https://paperpile.com/c/6969Hm/AmFi
https://paperpile.com/c/6969Hm/tYkW
https://paperpile.com/c/6969Hm/tYkW+IcKA
https://paperpile.com/c/6969Hm/0bH8+choe+7THr+MQMg
https://paperpile.com/c/6969Hm/0bH8+choe+7THr+MQMg
https://paperpile.com/c/6969Hm/7THr
https://paperpile.com/c/6969Hm/MQMg+tYkW
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We used a slightly modified protocol of mitochondria enrichment (Esseiva et al. 2004) to 109 

investigate the structure of the mitochondrial genome through long-read sequencing at an 110 

unprecedented depth. In parallel, we conducted high-throughput sequencing of small RNAs 111 

(<150 nt) and demonstrated that they are incorporated into polysomes. The combination of 112 

DNA sequencing results and transcriptome analysis also allowed us to identify previously 113 

undetected transcripts, many of which originate from block boundaries and represent fusions 114 

of coding and noncoding regions. 115 

Results 116 

T. gondii organellar nucleic acids are enriched by a combination of selective 117 

membrane disruption and degradation of nucleo-cytosolic DNA and RNA 118 

The T. gondii nuclear genome contains many insertions of mitochondrial DNA sequences 119 

(Gjerde, 2013; Namasivayam et al., 2023; Ossorio et al., 1991). To better distinguish 120 

between NUMTs (nuclear DNA sequences that originated from mitochondria) and true 121 

mitochondrial sequences, it is helpful to enrich mitochondrial DNA. We modified a cell 122 

fractionation method that takes advantage of the differential sterol content in plasma 123 

membranes and organellar membranes (Esseiva et al., 2004; Subczynski et al., 2017). We 124 

incubated cells with the detergent digitonin, which selectively permeabilizes sterol-rich 125 

membranes, leaving mitochondria and other organelles intact. We used a T. gondii strain that 126 

constitutively expresses GFP localized to the mitochondrial matrix to track the mitochondria 127 

during the purification process (Figure 1A). After permeabilizing the plasma membrane with 128 

digitonin, we treated the cells with benzonase to degrade nucleo-cytosolic nucleic acids. 129 

Following inactivation of the benzonase, we lysed the mitochondria with high concentrations 130 

of detergents to release the soluble content. 131 

We observed that mitochondrial GFP remained in the pellet fraction (P in Figure 1B) with 132 

only a minor signal in the supernatant, indicating that the mitochondria remained largely 133 

intact. In contrast, cytosolic HSP70 largely remained in the supernatant after digitonin and 134 

https://paperpile.com/c/6969Hm/oglA
https://paperpile.com/c/6969Hm/tYkW+h0wW+qbNs
https://paperpile.com/c/6969Hm/ow4P+oglA
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benzonase treatment, indicating that the method successfully reduced cytoplasmic proteins. 135 

Upon lysis of the mitochondria using Triton X-100 (“Lysis” in Figure 1B), the GFP signal was 136 

predominantly recovered in the supernatant, demonstrating efficient lysis of the mitochondria 137 

and release of soluble components. This fraction still contains HSP70, but slight 138 

contamination with cytosol is expected. We also found that cytosolic 18S and 26S rRNA 139 

were almost completely degraded, indicating the high efficacy of the benzonase treatment 140 

(Figure 1C). In summary, our enhanced protocol for organellar enrichment effectively 141 

depletes cytosolic protein and RNA components and enriches mitochondrial 142 

macromolecules. 143 

To assess the integrity of mitochondrial RNA following our protocol, we utilized small RNA 144 

gel blot hybridization for two known mitochondrial rRNA fragments, SSUD and LSUF 145 

(Namasivayam et al., 2021). Our analysis of total nucleic acids in the gel revealed effective 146 

removal of major rRNA species by benzonase treatment (Figure 1C), while smaller 147 

degradation products accumulated (Figure 1D lanes “Benz” and “Lysis”). In contrast, we 148 

observed clear bands for both SSUD and LSUF, indicating their protection from benzonase 149 

degradation. Notably, we also detected signals for both rRNA fragments in the supernatant of 150 

the lysis fraction, confirming successful mitochondrial lysis and recovery of mitochondrial 151 

rRNA fragments. 152 

Long-read sequencing of DNA from enriched mitochondrial fractions identifies 153 

prevalent sequence block combinations 154 

For the analysis of mitochondrial sRNAs, we needed a reference mitochondrial genome that 155 

would represent the existing sequence block combinations. A previous sequencing study 156 

used Oxford Nanopore sequencing technology (ONT) to identify combinations of sequence 157 

blocks in T. gondii mitochondria (Namasivayam et al., 2021). To improve read depth, we 158 

performed ONT sequencing on DNA gained from our improved organelle enrichment 159 

protocol. After filtering against the nuclear genome, we found 86,761 reads that had 160 

https://paperpile.com/c/6969Hm/tYkW
https://paperpile.com/c/6969Hm/tYkW
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similarities to the published mitochondrial genome sequence (Namasivayam et al. 2021). 161 

This corresponds to 78.5 Mbp, which accounts for 9.2% of the total sequences that we 162 

attribute to the nucleus and mitochondria (Supplementary file 1). This is a 42-fold increase in 163 

the sequencing depth of the T. gondii mitochondrial genome compared to previous attempts 164 

(Supplementary file 1), which can be attributed to the effectiveness of the purification 165 

process. The length of mitochondrial reads ranged from 87 nt to 17,424 nt (Supplementary 166 

file 2). The GC content of these reads, on average 36.4%, further supports their 167 

mitochondrial origin (Berná et al., 2021a). We annotated the reads using published sequence 168 

block information (Namasivayam et al., 2021) and confirmed the previously described 21 169 

sequence blocks, designated by letters from A-V (Namasivayam et al., 2021). We searched 170 

the sequencing data for repeated sequence elements but found no additional blocks, 171 

suggesting that the T. gondii mitochondrial genome is fully covered. We compared our reads 172 

with published ONT reads for the T. gondii mitochondrial genome (Berná et al., 2021a; 173 

Namasivayam et al., 2021). While smaller reads of our dataset are found in full within longer 174 

reads in the published datasets, we do not find any examples for reads that would be full 175 

matches between the dataset. This suggests that while the block content is identical between 176 

the different sequencing results, the actual block order was reshuffled by recombination, 177 

indicating the rapidity of mitogenome evolution in T. gondii, thus corroborating at a deeper 178 

sequencing coverage conclusions so far gained from a more limited read set (Berná et al., 179 

2021a; Namasivayam et al., 2021). 180 

The depth of our sequencing enabled us to quantify the genome block combinations. We first 181 

asked whether there is a bias in sequential block succession. We observed that the rate of 182 

occurrence of blocks varies dramatically in our dataset, with the most frequent block, J, 183 

occurring 45,849 times and the least frequent, C, occurring 3,138 times (Figure 2A, 184 

Supplementary file 3). This suggests that differences in block combinations can be expected. 185 

After counting block combinations, we found that only a small fraction of all possible block 186 

combinations are prevalent within the genome (Figure 2-figure supplement 1A, 187 

https://paperpile.com/c/6969Hm/IKOJ
https://paperpile.com/c/6969Hm/tYkW
https://paperpile.com/c/6969Hm/tYkW
https://paperpile.com/c/6969Hm/tYkW+IKOJ
https://paperpile.com/c/6969Hm/tYkW+IKOJ
https://paperpile.com/c/6969Hm/tYkW+IKOJ
https://paperpile.com/c/6969Hm/tYkW+IKOJ
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Supplementary file 4), confirming block combinations observed previously (Namasivayam et 188 

al. 2021) and adding combination frequencies based on higher read numbers. For example, 189 

the most frequent block combination is J-B, which occurs 19,622 times in our reads. In total 190 

we identified 84 combinations of which 52 occur less than fifty times and make up less than 191 

0.06% of the total number of combinations found (Supplementary file 4). Fourteen blocks (R, 192 

N, M, F, L, U, I, C, K, D, H, E, T) are always found with the same preceding and following 193 

block. The direction of the blocks in these combinations is fixed (for example, the 3’-end of 194 

the L block is always fused to the 5’-end of the J block, never to the 3’-end of the J-block). 195 

This indicates that the genome's flexibility is limited and that not all block combinations are 196 

realized (see also Namasivayam et al. 2021). Variability in genome structure is caused 197 

primarily by blocks S, O, Q, B and P, which have up to three possible neighbors, and by 198 

blocks Fp, Kp, V, A, and J, which have more than three possible neighbors. All combinations 199 

are well covered in our ONT results and helped to refine block borders relative to previous 200 

annotations (Figure 2-figure supplement 1, Figure 2-figure supplement 2). Using the 32 high-201 

frequency block combinations we found, we generated a map centered on the protein-coding 202 

genes (Figure 2B). We will later show that all blocks not encoding proteins express rRNA 203 

fragments and are thus called rRNA blocks here. The map is not designed to represent 204 

physically existing DNA molecules, since the sequencing technology used cannot detect 205 

branched or circular DNAs, nor are the blocks drawn to scale. However, it helps to indicate 206 

the complexity of the nonrandom recombination events shaping the genome. For example, 207 

when considering the positioning of the three protein-coding genes within this map, it is 208 

conspicuous that their three 5'-ends are always flanked by blocks also encoding a protein 209 

(Figure 2B), although it is unclear whether this is of functional relevance.  210 

Full-length coding regions had been found previously on nanopore reads in T. gondii 211 

(Namasivayam et al., 2021). In our improved representation of the mitogenome, we identified 212 

a large number of full representations of cob, coxI and coxIII in our dataset (cob: 1,612; coxI: 213 

1,404; coxIII: 1,487). Thus, of all reads long enough to carry one of the following ORFs, 5.1% 214 

https://paperpile.com/c/6969Hm/tYkW/?prefix=see%20also
https://paperpile.com/c/6969Hm/tYkW
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contain full-length coxIII, 8.6% contain full-length cob, and 11.1% full-length cox1, 215 

respectively (Supplementary file 5). This may be adequate for the expression of the encoded 216 

proteins; however, we cannot currently exclude the possibility of genomic or post-217 

transcriptional block shuffling that could lead to more complete open reading frames (as 218 

discussed in Berná et al., 2021b). We next applied approaches established previously to 219 

represent biased recombination events based on alternative block combinations (see Figure 220 

S12 in Namasivayam et al. 2021) to our improved ONT read set. For example, block S, as 221 

part of the coxI coding region, was followed in 80% of its occurrences by the rRNA block R 222 

and only in 20% by the next coding block C (Figure 2B, Figure 2-figure supplement 1B). 223 

Similarly, block B, as part of the coxIII reading frame, was followed in 66% of all cases by the 224 

rRNA block U and less frequently by the terminal block of coxIII, which is block M. Whether 225 

such fusions of coding and non-coding block is of functional relevance, was unclear so far.  226 

Small RNA sequencing identifies a comprehensive set of mitochondrial rRNA 227 

fragments 228 

For T. gondii mitochondria, rRNA species were previously predicted based on sequence 229 

comparisons to Plasmodium rRNA sequences (Namasivayam et al., 2021). We used 230 

Illumina-based small RNA sequencing of T. gondii to identify mitochondrial rRNA fragments. 231 

We sequenced both the mitochondria-enriched fraction and the input fractions described in 232 

Figure 1. In the enriched fraction, we mostly retrieved reads for cytosolic rRNA degradation 233 

products and poor coverage of mitochondrial sequences (not shown). This is likely caused by 234 

the benzonase step in the protocol, which generates an abundance of small degradation 235 

products of cytosolic rRNA (Figure 1D; Figure 1-figure supplement 1). In the input samples, 236 

intact full-length rRNAs are removed by selecting for small RNAs during library preparation, 237 

resulting in less prevalent cytosolic rRNA reads. We bioinformatically removed the remaining 238 

cytosolic rRNA reads as well as any reads shorter than 20 nt. Poly-A stretches at the 3’-ends 239 

were clipped as well. Finally, we mapped the remaining reads against the mitochondrial 240 

https://paperpile.com/c/6969Hm/ripd/?prefix=as%20discussed%20in%20
https://paperpile.com/c/6969Hm/ripd/?prefix=as%20discussed%20in%20
https://paperpile.com/c/6969Hm/tYkW
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genome (Supplementary file 6) using the block combinations identified here by ONT 241 

sequencing (Figure 2). 242 

The results of our mapping study show that the 5'-termini of mitochondrial small RNAs are 243 

clearly defined, making it easy to identify their transcript ends (as shown in Figure 3A). In 244 

agreement with findings from previous studies on small RNAs from P. falciparum (Hillebrand 245 

et al., 2018), we found that the 3'-ends of many transcripts were more variable (as seen in 246 

the example of RNA17 in Figure 3A). We identified a total of 34 small RNAs that accumulate 247 

in T. gondii mitochondria (Supplementary file 7). Among these, 11 correspond to previously 248 

predicted rRNA fragments (Namasivayam et al., 2021). Our sequencing data confirmed that 249 

these sequences are expressed and allowed us to refine the exact rRNA fragment ends 250 

(Supplementary file 7). Additionally, our small RNA sequencing revealed some larger 251 

differences compared to previous transcript predictions. This included a reassignment of 252 

SSUF to the opposite strand and also affected the four rRNA fragments LSUF, LSUG, LSUD, 253 

and LSUE, which had been predicted as separate transcripts of the large subunit (LSU) of 254 

the ribosome (Namasivayam et al., 2021). Our sequencing results suggest that there is 255 

accumulation of transcripts containing LSUF and LSUG regions and LSUD and LSUE 256 

regions, respectively. Both of these transcripts were verified via northern blotting (Figure 3-257 

figure supplement 1). The longer transcripts were found to be much more abundant than 258 

smaller transcripts that were also detected (Figure 3-figure supplement 1), suggesting that 259 

the longer transcripts represent the functional rRNA fragments in T. gondii mitochondria. 260 

Knowing the exact sequence of rRNA fragments is crucial for further investigations into the 261 

structure of mitoribosomes, as it is key for predictions of secondary structures. 262 

Discovery of previously undetected rRNA fragments 263 

sRNAs cover most of the noncoding sequence blocks of the T. gondii genome 264 

Out of the 34 small RNA fragments identified, 23 have not been described previously for T. 265 

gondii (see Supplementary file 7 and Figure 3-figure supplement 2). 17 of the 23 are 266 

https://paperpile.com/c/6969Hm/7THr
https://paperpile.com/c/6969Hm/7THr
https://paperpile.com/c/6969Hm/tYkW
https://paperpile.com/c/6969Hm/tYkW
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homologs of sRNA fragments in the apicomplexans P. falciparum and E. leuckarti (marked in 267 

bold in Supplementary file 7). These were named according to their Plasmodium homologs 268 

(Feagin et al., 2012). Six further sRNAs are exclusively conserved within cyst-forming 269 

Eucoccidians, the closest apicomplexan relatives of T. gondii (last column in Supplementary 270 

file 7). We assigned numbers to these sRNAs extending the Plasmodium nomenclature 271 

(Feagin et al. 2012). We next asked, how many of all 34 sRNAs have homologies to rRNA 272 

from E. coli. We could find twelve LSU homologs and eleven SSU homologs in accordance 273 

with previous analyses in P. falciparum (Feagin et al. 2012; Hillebrand et al. 2018 ; see 274 

Supplementary file 8). Only for the P. falciparum LSU fragment LSUC and the SSU fragment 275 

RNA12, we were unable to identify corresponding homologs in T. gondii. 276 

We next analyzed the accumulation of selected RNAs previously undetected in T. gondii for 277 

the sequence blocks Kp-K: Transcripts RNA5, 17, and 29, as well as the already predicted 278 

transcripts RNA10 and SSUD are found on the minus strand (strandedness according to 279 

(Namasivayam et al., 2021; MN077088.1 - MN077111.1). They are separated by single 280 

nucleotides in the mitochondrial genome. In this and most other noncoding blocks, the DNA 281 

sequence is almost fully used for transcript production (see Figure 3A, Figure 3-figure 282 

supplement 2, Figure 3-figure supplement 3). To validate the sequencing data, we performed 283 

RNA gel blot hybridization using probes against RNA17, RNA29, and RNA5 (Figure 3B) and 284 

indeed detected transcripts of the expected size (41 nt, 42 nt and 83 nt, respectively). The 285 

transcripts were more abundant in our organelle preparations than in input samples, which 286 

indicates that they are of organellar origin and did not originate from NUMTs. The 287 

sequencing and RNA gel blot efforts demonstrate that almost the entire sequence of the 288 

blocks Kp-K is represented by small RNAs.  289 

Dual use of block borders for sRNA production 290 

https://paperpile.com/c/6969Hm/MQMg
https://paperpile.com/c/6969Hm/MQMg+KbbT/?suffix=,%3B%20see%20Tab.%20SX
https://paperpile.com/c/6969Hm/MQMg+KbbT/?suffix=,%3B%20see%20Tab.%20SX
https://paperpile.com/c/6969Hm/tYkW/?suffix=%3B%20MN077088.1%20-%20MN077111.1
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Among the small RNAs identified here, there is also a class that was only detectable due to 291 

our insights into genome block combinations. Using block combinations for mapping 292 

analysis, we identified 15 transcripts that span two blocks, i.e. there are sRNAs at almost half 293 

of all 31 block borders. Often, we find sRNAs that share a block border sequence at one end, 294 

but differ at the other end depending on the block combination (see Figure 4A, orange 295 

boxes). An example of sequences shared at the 5'-end is represented by the pair RNA8 and 296 

RNA31, which both start in block Fp but end in different blocks (Figure 4A). An example of 297 

block sharing at the 3'-end is the RNA pair RNA1/RNA2. Both RNAs terminate at very similar 298 

positions in block Kp but start in different blocks (Figure 4A). Using a probe for the common 299 

3'-part in block Kp, we detected both RNA1 and RNA2 in an RNA gel blot hybridization 300 

experiment (Figure 4A, B). Both RNA1 and RNA2 have homology to E. coli LSU in their 3'-301 

portion via block Kp, but only RNA1 has additional homology to E. coli LSU via block I 302 

(Figure 4C; Feagin et al., 2012). It is interesting to consider that RNA1 could therefore be 303 

used in two positions in the large subunit of the ribosome. In conclusion, block combinations 304 

can lead to the expression of RNAs in T. gondii that are not found in apicomplexan species 305 

with a simpler genome organization (Supplementary file 7). 306 

Coding regions contribute to sRNAs at block borders 307 

In addition to the three pairs of overlapping, noncoding RNAs described above (Figure 4A), 308 

we also found five RNAs that combine sequences from coding and non-protein-coding blocks 309 

(Figure 5A, B). Among them, RNA16, RNA23t, and RNA34 were partially antisense to 310 

mRNAs (Figure 5A), and we confirmed the accumulation of RNA34 by RNA gel blot 311 

hybridization (Figure 5C). None of the three RNAs had detectable homologies to E. coli rRNA 312 

based on simple sequence searches, but structural conservation cannot be ruled out. 313 

Mitochondrial rRNA sequences from kinetoplastids and diplonemids show very little 314 

sequence conservation but are still part of the mitoribosome (Valach et al. 2023; Ramrath et 315 

al. 2018), suggesting that future analyses might uncover hidden rRNA similarities. With the 316 

https://paperpile.com/c/6969Hm/MQMg/?prefix=Figure%204C%3B
https://paperpile.com/c/6969Hm/Rv2V+7DSS
https://paperpile.com/c/6969Hm/Rv2V+7DSS
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exception of RNA34, the RNAs representing a fusion of non-protein-coding regions and 317 

protein-coding regions have homologous sequences in the mitochondrial genome of P. 318 

falciparum (Feagin et al. 2021). In P. falciparum however, none of them are antisense to 319 

coding regions. Whether these sRNAs form sRNA:mRNA interactions and whether this has 320 

functional consequences remains to be investigated. 321 

Two of the small RNAs contained coding sequences in the sense direction (Figure 5B). Both 322 

were validated by RNA gel blot hybridization (Figure 5D). RNA19 contains the coxIII coding 323 

sequence adjacent to the cob coding region by a combination of block J and block E (Figure 324 

5E). Cob has two in frame start codons (Figure 5F). Using rapid amplification of cDNA ends 325 

(RACE), we showed that the 5’-end of the cob mRNA is 6 nt upstream of the second start 326 

codon and 10 nt downstream of RNA19 (Figure 5 F,G). Being only four nucleotides apart, the 327 

3’-end of RNA19 is possibly generated during the formation of the 5’-end of cob. RNA19 is 328 

conserved in other apicomplexan mitochondrial genomes (Figure 5E) but is not part of open 329 

reading frames in Plasmodium. Homologies and a structural fit to the SSU rRNA of E. coli 330 

have been noted for P. falciparum RNA19 (Figure 5E, Feagin et al. 2012). This sequence 331 

similarity to rRNA is maintained in T. gondii (Figure 5E), which suggests that despite 332 

overlapping with coxIII coding sequence at the J-E block border, RNA19 is functional. It is 333 

remarkable that this sequence serves dual purposes for coding a protein and an rRNA. 334 

There is only low sequence conservation of the coxIII sequence used by RNA19 (Figure 5F), 335 

which might have allowed the evolutionary acquisition of an additional use as an rRNA 336 

fragment. In addition to RNA19, a second RNA encompassing coding sequences is RNA3, 337 

which is situated at the S-R block border (Figure 5B). Block S is part of the coxI coding 338 

region - its terminal 22 nucleotides contribute to RNA3. The similarity to E. coli 23S rRNA is, 339 

however, restricted to the noncoding block R (Figure 5-figure supplement 1). The Block S 340 

sequence in RNA3 is therefore a 5’-extension of this rRNA, and it remains to be determined 341 

whether this is of functional consequence for the mitochondrial ribosome. It is noteworthy 342 



 

 

14 

 

that the 5’ end of RNA3 is located within a region of the 23S rRNA secondary structure that 343 

exhibits low conservation (Feagin et al. 2012), which may suggest that its overlap with coding 344 

regions is potentially tolerable. 345 

In sum, these results suggest that at block borders, T. gondii makes dual use of several 346 

protein-coding sequence blocks. Depending on the respective block combination, they are 347 

either part of the protein coding sequence or can code for an rRNA fragment. 348 

Mitochondrial small RNAs are part of a large-molecular weight complex 349 

The apicomplexan mitochondrial ribosome with its peculiar organization has not been 350 

characterized in any detail. There is strong evidence from genetic and pharmacological 351 

studies that translation occurs in the mitochondria of apicomplexans (Alday et al., 2017; Lane 352 

et al., 2018; McFadden et al., 2000; Vaidya et al., 1993). Additionally, the presence of a large 353 

Megadalton complex containing nuclear-encoded ribosomal proteins targeted to 354 

mitochondria has been shown by blue native gel electrophoresis (Lacombe et al., 2019). 355 

However, a comprehensive catalog of mitoribosomal constituents is missing, and the extent 356 

to which rRNA fragments are part of mitoribosomes remains unanswered, nor have 357 

polysomes been identified as a direct readout for active ribosomes. To ascertain the 358 

presence of sRNAs within high-molecular weight complexes, we fractionated enriched 359 

organellar preparations using sucrose gradient analysis. We employed conditions known to 360 

preserve mitochondrial ribosomes (Waltz et al., 2021a)conditions established to dissociate 361 

ribosomes (10 mM EDTA, no MgCl2, 300 mM KCl). Should sRNAs be integral to ribosomes, 362 

their dissociation would be expected to result in a migration towards lower molecular weight 363 

fractions. 364 

RNA extracted from the gradient fractions was initially analyzed using Ethidium bromide-365 

staining in denaturing polyacrylamide urea gels (Figure 6A). The paucity of detectable 366 

signals aligns with the expected degradation of abundant cytosolic rRNAs during preparation 367 

https://paperpile.com/c/6969Hm/MQMg
https://paperpile.com/c/6969Hm/STyi+ib0O+m5Ppf+t3rV/?suffix=%2C%20yellow%20box,,,
https://paperpile.com/c/6969Hm/STyi+ib0O+m5Ppf+t3rV/?suffix=%2C%20yellow%20box,,,
https://paperpile.com/c/6969Hm/jIsQ
https://paperpile.com/c/6969Hm/9jBT
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with benzonase. Notably, only the top fractions of the gradient (fractions 1-6) displayed 368 

bands, while the deeper fractions showed no discernible signals, reaffirming the 369 

effectiveness of the organellar preparation in eliminating cytosolic contaminants. The 370 

observed bands in the top fractions may represent degradation products of prevalent rRNA 371 

species, released from ribosomes by benzonase but persisting in the organellar preparation 372 

due to their abundance. Subsequent to gel electrophoresis, we transferred the RNA onto 373 

membranes and hybridized them with probes targeting seven specific sRNA species. 374 

LSUD/E and LSUF/G, along with RNA1, RNA2 and RNA3, were chosen for analysis due to 375 

their sequence similarities with E. coli 23S rRNA, as noted by Feagin et al. (2012). Similarly, 376 

SSUA and RNA19 were chosen since they resemble parts of E. coli 16S rRNA (Feagin et al., 377 

2012). Additionally, RNA3 and RNA19 were tested as they utilize the coding sequences of 378 

coxI and coxIII, respectively. Finally, we also included RNA29, an sRNA not yet assigned to 379 

the ribosome based on sequence similarity.  380 

We observed the peak signals for all sRNAs in the middle of the gradient, but specifically not 381 

in fractions 1-4, where free sRNAs would be expected to localize, akin to the signals 382 

observed in the ethidium bromide-stained samples (Figure 6). Secondly, all tested sRNAs 383 

were found to also migrate into the deepest gradient fractions 12-14. Collectively, these 384 

observations strongly indicate that the sRNAs in question are predominantly part of high 385 

molecular weight complexes. To evaluate the influence of ribosome-dissociative conditions 386 

on the fractionation of sRNAs in sucrose gradients, we quantified the sRNA signals in the 387 

deeper fractions (10 to 14) compared to the peak fractions (7 to 9 for LSU rRNAs and 6 to 9 388 

for SSU rRNAs). For all sRNAs examined, a shift was observed from the deeper to the 389 

earlier fractions under dissociative conditions (Figure 6). This shift indicates that the large 390 

molecular weight complexes, with which these sRNAs are associated, are susceptible to 391 

ribosome-dissociative conditions. The most parsimonious conclusion is that all sRNAs tested 392 

are rRNAs.  393 

https://paperpile.com/c/6969Hm/MQMg
https://paperpile.com/c/6969Hm/MQMg
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We then asked whether rRNA fragments with homology to E. coli 23S versus those with 394 

homology to 16S rRNA exhibit differential signal distribution. We found that rRNAs presumed 395 

to be small subunit rRNAs, namely SSUA and RNA 19, displayed signals in fraction 6 (Figure 396 

6D,G), a pattern not observed or less pronounced in presumed LSU rRNAs such as LSUD/E, 397 

LSUF/G, RNA1+2, and RNA3 (Figure 6B,C,E,F). The SSU-specific signal in fraction 6 398 

persisted under both standard and dissociative conditions, implying that it represents free 399 

SSU (Figure 6D,G). We quantified the signals in all fractions under dissociative conditions 400 

and compared the profiles of sRNA signals across the gradient (Figure 6-figure supplement 401 

1). This shows that under dissociative conditions, the distribution and peaks differ markedly 402 

between the four predicted LSU rRNAs and the two SSU sRNAs (Figure 6-figure supplement 403 

1). The distinct distribution patterns for rRNAs with homology to LSU versus SSU rRNA 404 

suggest the gradient allows to assign individual rRNA fragments to the two subunits of the 405 

ribosome. Indeed, the previously unclassified RNA29 exhibited a distribution pattern very 406 

similar to LSU rRNAs (Figure 6H). It showed significantly less signal in fraction 6 than SSUA 407 

and a distribution across the gradient similar to LSUF/G and LSUD/E (Figure 6C,D and 408 

Figure 6-figure supplement 1). This pattern indicates that RNA29 likely belongs to the LSU 409 

category. Unlike most other rRNAs, RNA29 also showed strong signals in the low molecular 410 

weight fractions 1-5 (Figure 6H), hinting at a proportion of unassembled RNA29 in our 411 

preparation. Such un-assembled rRNA was also observed for RNA2, while the cognate 412 

RNA1 was barely detected in lower molecular weight fractions (Figure 6E). It remains to be 413 

determined whether different assembly kinetics or degradation rates contribute to the RNA 414 

signals in the upper parts of the gradient. Both RNA1 and RNA2 demonstrated deep 415 

penetration into the gradient, and showed a gradient distribution consistent with the LSU 416 

distribution pattern. Both RNA1 and RNA2 are sensitive to EDTA treatment. Together this 417 

leads to the conclusion that RNA1 and RNA2 are both assembled into ribosomes.  418 

We furthermore observed that despite containing sequences derived from mRNAs, both 419 

RNA19 and RNA3 are incorporated into ribosomes (Figure 6B). For RNA19, several 420 
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transcripts were found. The largest isoform is mainly found in low-molecular weight fractions. 421 

Conversely, the smaller RNA19 transcripts are observed to migrate into the high-molecular 422 

weight fractions, which is EDTA-sensitive (Figure 6G). Our findings suggest that RNA19 and 423 

RNA3 are incorporated into the ribosome.  424 

Mitochondrial mRNAs show association with high-molecular weight complexes that 425 

are sensitive to ribosome-dissociative conditions 426 

We next analyzed the distribution of mitochondrial mRNAs in a sucrose gradient, under non-427 

dissociative and dissociative conditions. The extended length of these mRNAs facilitates 428 

their detection using qRT-PCR, a method that is impractical for the analysis of many shorter 429 

sRNAs. To ensure the gradient exhibited characteristics akin to those used in the sRNA 430 

distribution analysis (Figure 6), we concurrently analyzed the sRNA LSUF/G. This confirmed 431 

that LSUF/G migrates deep into the gradient, which is sensitive to ribosome-dissociative 432 

conditions (see Figure 6C, 7A).  433 

All three mRNAs migrated deep into the gradient, reaching their peak in fractions 11 to 13, as 434 

depicted in Figure 7B-D. Upon treatment with EDTA, the mRNAs shifted towards fractions 435 

associated with lower molecular weights. We conclude that mitochondrial mRNAs in T. gondii 436 

are populated with ribosomes, which directly supports previous suggestions of active 437 

translation in apicomplexan mitochondria.  438 

The nuclear-encoded mitoribosomal protein L11 is found in EDTA-sensitive large 439 

complexes 440 

We next sought to analyze how a ribosomal protein is distributed in our sucrose gradient with 441 

the goal to have an additional read-out for ribosomes and polysomes and to investigate 442 

whether this mirrors the distribution of sRNAs. We chose TGRH88_003980_t1, which was in 443 

previous in silico screens identified as potential mitoribosomal protein L11 (Gupta et al., 444 

2014; Lacombe et al., 2019). We used CRISPR/Cas9 to introduce an HA-tag to the C-445 

https://paperpile.com/c/6969Hm/qlfB+jIsQ
https://paperpile.com/c/6969Hm/qlfB+jIsQ
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terminus of TguL11m by homologous recombination (Figure 8-figure supplement 1A,B). The 446 

tagged protein is immunologically detected as a single band, demonstrating specificity of the 447 

tagging experiment (Figure 8-figure supplement 1C). We next performed an 448 

immunofluorescence assay (IFA) to check the localization TguL11m:HA. The HA-signal co-449 

localized with the mitochondrial marker protein TgTom40 (van Dooren et al., 2016) 450 

confirming the localization of TguL11m to T. gondii mitochondria (Figure 8A). We next 451 

analyzed the distribution of TguL11m:HA in sucrose gradients and found a main peak in 452 

fractions 9-11 with signals reaching into the deepest fractions of the gradients (Figure 8B). 453 

This mirrors the distribution of sRNAs from the large subunits like LSUD/E (Figure 6B). Upon 454 

EDTA treatment, the signal shifts from the deepest fractions (12-14) into lower fractions (8-455 

10), suggesting that we observe polysomes in fractions 11-14 and that the large subunit of 456 

the ribosome is found in fractions 8-10.  457 

 458 

Discussion 459 

Constraints in the recombination-active mitochondrial DNA of Toxoplasma gondii 460 

The complexity of the T. gondii mitochondrial genome is puzzling, with an extensive variety 461 

of sequence block combinations and repetitions. The individual ONT reads are not repeated 462 

in the two previously published datasets (discussed in Berná et al., 2021b) and we also did 463 

not find overlap between data presented here and published previously (Namasivayam et al., 464 

2021). Thus, the large number of block combinations identified here reinforces and elevates 465 

previous conclusions that continuous recombination shuffles the blocks (Namasivayam et al., 466 

2021). At first sight, this might be considered a sign of evolutionary tinkering, similar to the 467 

mitochondrial idiosyncrasies found in other taxa that have been suggested to be non-468 

adaptive, such as the fragmented mitochondrial genomes of diplonemids (Burger and 469 

Valach, 2018) or the repetitive and heterogeneous genomes of plant mitochondria (Kozik et 470 

al., 2019). Upon closer scrutiny, however, the reshuffling appears limited to specific block 471 

https://paperpile.com/c/6969Hm/fh0D
https://paperpile.com/c/6969Hm/tYkW+IKOJ
https://paperpile.com/c/6969Hm/tYkW
https://paperpile.com/c/6969Hm/tYkW
https://paperpile.com/c/6969Hm/tYkW
https://paperpile.com/c/6969Hm/tYkW
https://paperpile.com/c/6969Hm/ay0S
https://paperpile.com/c/6969Hm/ay0S
https://paperpile.com/c/6969Hm/ntqT
https://paperpile.com/c/6969Hm/ntqT
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borders and is not random. In fact, the improved sequencing depth presented in this study 472 

revealed strong constraints on the allowed block combinations in T. gondii mtDNA. Thus, a 473 

limited number of allowed recombination sites generates the variety of actual DNA fragments 474 

sequenced. The question remains whether the constraints outlined in the comprehensive 475 

model of mitochondrial genome architecture presented here indicate functional features. 476 

The purpose of genome blocks in light of small RNA production 477 

Our small RNA sequencing results revealed that 15 small RNAs span block borders. There 478 

are different explanations for this peculiar localization of small RNAs. One possibility is that 479 

these RNAs are involved in the DNA recombination and replication process that occurs at 480 

block borders. RNA molecules have been found to play important roles in DNA repair at 481 

double-stranded breaks of nuclear DNA, both as long and small RNAs (Ohle et al., 2016; 482 

Wei et al., 2012). However, it is currently unclear whether RNA:DNA hybrids play a role in 483 

mitochondrial DNA recombination and repair (Allkanjari and Baldock, 2021). 484 

Another possible explanation for the presence of small RNAs at block borders is that T. 485 

gondii simply utilizes all available genomic space for RNA production, including block 486 

borders. T. gondii appears to be as economical with its mitochondrial sequence space as 487 

other apicomplexans, and it does have hardly any unused noncoding sequences in its 488 

genome. In fact, the sequences at recombination sites could be regarded as an expansion of 489 

the mitochondrial genome sequence space, which is not available to other apicomplexans 490 

like the genus Plasmodium. There is evidence from recent polyA-sequencing efforts that long 491 

transcripts spanning several short RNAs are also produced in T. gondii (Lee et al., 2021). 492 

This is reminiscent of the situation in P. falciparum, where both strands of the entire 493 

mitochondrial genome are transcribed into polycistronic precursor RNAs. Therefore, block 494 

borders in T. gondii are likely transcribed into RNA as well. The functionality of these block 495 

border RNAs is unclear, but the unique sequence combinations generated at the block 496 

https://paperpile.com/c/6969Hm/uqkL+yXFv
https://paperpile.com/c/6969Hm/uqkL+yXFv
https://paperpile.com/c/6969Hm/Y7U2
https://paperpile.com/c/6969Hm/IcKA
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borders give rise to sRNAs that are not found in other apicomplexans with a simpler genome 497 

organization. 498 

The discovery of sRNAs sharing sequences with mRNAs or being antisense to mRNAs in T. 499 

gondii mitochondria is an unexpected finding of our study that was facilitated by our improved 500 

understanding of mitochondrial genome organization. Antisense RNA is typically removed in 501 

mitochondria from flies and humans (Pajak et al., 2019). Similar antisense degradation 502 

mechanisms must be assumed in apicomplexans, as both strands of their genomes are 503 

transcribed in full (Rehkopf et al., 2000). The fact that three small antisense RNAs survive 504 

antisense RNA surveillance in T. gondii mitochondria is intriguing, and it remains to be 505 

established whether RNA:RNA interactions of these sRNAs with mRNAs occur in vivo and 506 

could be of regulatory impact. 507 

Another potential regulatory link between mRNAs and sRNAs is represented by small RNAs 508 

that utilize coding regions. RNA19 is of particular interest because it contains a piece of 509 

coxIII at the 5’-end and terminates close to the cob start codon, while also showing homology 510 

to rRNA. A few cases of mRNA sequences overlapping in antisense orientation with rRNA 511 

have been described in mammals and yeast (Coelho et al., 2002; Kermekchiev and Ivanova, 512 

2001). Sequences homologous to rRNAs have been found in many coding regions in sense 513 

and antisense orientation (Mauro and Edelman, 1997). It has been suggested that this could 514 

link ribosome production to other cellular processes by reciprocal inhibition of mRNA and 515 

rRNA expression (Coelho et al., 2002). It is possible that RNA19 and ribosome production 516 

could be balanced with cob protein production by tuning the processing or RNA degradation 517 

of cob mRNA. A quantitative analysis of RNA19 and cob mRNA accumulation under different 518 

conditions could help to clarify whether there is such an inverse correlation. Overall, the 519 

discovery of block-border sRNAs highlights the complex biogenesis of sRNAs in T. gondii 520 

mitochondria and will be a starting point to understand the processing of sRNAs and their 521 

function in general. Regarding their function, many, if not all, of the sRNAs at block borders 522 

could be used in ribosomes as rRNA fragments, which is discussed in the next chapter. 523 

https://paperpile.com/c/6969Hm/97Jp
https://paperpile.com/c/6969Hm/choe
https://paperpile.com/c/6969Hm/lwka+OYGG
https://paperpile.com/c/6969Hm/lwka+OYGG
https://paperpile.com/c/6969Hm/WOVO
https://paperpile.com/c/6969Hm/OYGG


 

 

21 

 

sRNAs are incorporated into polysome-size complexes 524 

A major unsolved problem in apicomplexan mitochondrial gene expression is the nature of 525 

the ribosome. Recently, compelling evidence has surfaced suggesting the existence of 526 

ribosome-sized particles, including ribosomal proteins. Using blue-native gel electrophoresis, 527 

it was demonstrated that tagged ribosomal proteins TgmS35, TgbL12m, TguL3m and 528 

TguL24m migrate as constituents of a macromolecular complex within the size range of a 529 

ribosome (Lacombe et al., 2019; Shikha et al., 2022). Additionally, TgmS35 and TguL24m 530 

coprecipitated with mitochondria-encoded rRNA. Knockdown of TgmS35, TgbL35m, 531 

TgbL36m and TgbL28m resulted in specific loss of activity of one respiratory complex, which 532 

is partially encoded in the mitochondrial genome (Lacombe et al., 2019; Shikha et al., 2022). 533 

Nevertheless, it remains to be determined whether these large complexes are actively 534 

involved in translation. 535 

Here, we provide evidence that sRNAs with homology to rRNA are part of polysomes. This 536 

conclusion is based on our finding that sRNAs, mRNAs and the ribosomal protein TguL11m 537 

are all found in high-molecular weight complexes that are sensitive to ribosome-dissociative 538 

conditions. We furthermore observed a difference in the gradient distribution of sRNAs 539 

assigned to SSU and LSU, respectively. Based on a comparison with these two gradient 540 

distribution patterns, we were able to assign RNA29 to LSU. In sum, our findings strongly 541 

support the notion of active translation by mitochondrial ribosomes in tachyzoites of T. gondii, 542 

and demonstrate that most if not all mitochondrial small RNAs fragments are part of the 543 

apicomplexan mitochondrial ribosome. This includes sRNAs expressed from block borders 544 

like the mRNA sequence-containing RNA3 and RNA19. Also, block border RNAs RNA1 and 545 

RNA2 that share their 3’-end sequence, but differ in their 5’-part are both incorporated into 546 

ribosomes. RNA1 is of particular interest since it contains sequences homologous to two 547 

different parts of the LSU rRNA from E. coli and hence could occupy two positions within a 548 

single ribosome. RNA1 is almost exclusively found in ribosomes and polysomes, whereas 549 

RNA2 is also found free of ribosomes - similar to RNA29. This suggests that RNA2 and 550 

https://paperpile.com/c/6969Hm/jIsQ+uBXg
https://paperpile.com/c/6969Hm/jIsQ+uBXg
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RNA29 might not integrate into ribosomes as effectively as other rRNA fragments, raising 551 

questions about the coordination of rRNA fragment assembly. The assembly of a ribosome 552 

with numerous short rRNA fragments and a comparable number of ribosomal proteins is 553 

undeniably complex. Notably, longer variants of RNA19 are not incorporated into ribosomes, 554 

unlike smaller isoforms, highlighting a connection between small RNA processing and 555 

ribosome assembly. In the case of RNA19, processing precedes integration, contrasting with 556 

plant chloroplast ribosomes where the 23S rRNA is split endonucleolytically at two sites post-557 

integration (Liu et al., 2015; Nishimura et al., 2010).  558 

The analyses presented here mark a first step towards describing assembly steps of the 559 

fascinating T. gondii ribosome. Unraveling the mechanistics of ribosome assembly will 560 

require the identification of rRNA processing factors, which is within reach, given the 561 

excellent genetic toolbox available for T. gondii. It will also eventually require understanding 562 

the ribosome 3D structure. Within the spectrum of mitochondrial ribosome structures across 563 

species (Ramrath et al., 2018; Saurer et al., 2023; Tobiasson et al., 2022; Waltz et al., 564 

2021b) mitoribosomes of T. gondii present an extreme example of ribosome diversification. 565 

The comprehensive collection of small RNA fragments identified in our study, including those 566 

at block borders, provides a valuable resource for future studies on the structure and function 567 

of the T. gondii mitochondrial ribosome. 568 

Conclusions 569 

Apicomplexan mitochondrial genomes are vital for organism survival, expressing key 570 

respiratory chain and gene expression components, particularly ribosomes. The latter were 571 

proposed to be assembled from highly fragmented ribosomal RNAs, but whether rRNA 572 

fragments are expressed and used in ribosomes was unclear. We adapted a protocol to 573 

enrich T. gondii mitochondria (Esseiva et al. 2004) and used Nanopore sequencing to 574 

comprehensively map the genome with its repeated sequence blocks. Small RNA 575 

sequencing identified fragmented ribosomal RNAs, including some RNAs spanning block 576 

https://paperpile.com/c/6969Hm/nMQu+d5v2
https://paperpile.com/c/6969Hm/wsZ4+hlXO+E6Gp+7DSS
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boundaries, thus fusing protein-coding and rRNA sequences. Sucrose density gradient 577 

analysis showed that such rRNA fragments are in polysome-size complexes. This distribution 578 

mirrored the localization of the mitoribosomal protein L11 as well as mRNAs in sucrose 579 

gradients. sRNAs, L11 and mRNAs shift to lower molecular weight complexes upon 580 

treatment with ribosome-dissociative buffer. We conclude that most if not all mitochondrial 581 

sRNAs are components of active ribosomes that assemble into polysomes. T. gondii's 582 

dynamic block-based genome organization leads to usage of mitochondrial sequences in 583 

mRNA as well as rRNA contexts, potentially linking rRNA and mRNA expression regulation. 584 

Methods 585 

Cultivation of host cells and T. gondii parasites 586 

T. gondii parasites were cultured according to standard procedures (Jacot et al. 2020) unless 587 

otherwise indicated. Briefly, human foreskin fibroblasts (HFF-1, ATCC SCRC-1041™) were 588 

grown as host cells in Dulbecco's modified Eagle's medium (DMEM) (Capricorn Scientific) 589 

supplemented with 10% fetal bovine serum (FBS) (Capricorn Scientific) and 100 µg/ml 590 

penicillin‒streptomycin (Capricorn Scientific). T. gondii tachyzoites were maintained in flasks 591 

containing confluent HFF-1 cells in DMEM supplemented with 1% FBS and 100 µg/ml 592 

penicillin‒streptomycin. T. gondii strains were kindly provided by Frank Seeber. Experiments 593 

were either carried out with parasites of the strain RH-ΔKUΔHX (Huynh and Carruthers 594 

2009) or RHpSAG1-βGal/pmt-GFP. The latter consists of RHβ1 (PMID: 8635747), which in 595 

addition expresses eGFP N-terminally fused to the T. gondii mitochondrial targeting 596 

sequence S9(33-159) (DeRocher et al., 2000). 597 

CRISPR/Cas9 mediated endogenous tagging of Tgurpl11m 598 

C-terminal tagging of TGRH88_003980_t1 was performed as described previously (Parker et 599 

al. 2019). The sequence of a single guide RNA (sgRNA) specifically targeting the 3’ end of 600 

TGRH88_003980_t1 was integrated into pSAG1::CAS9-GFPU6::sgUPRT (Addgene plasmid 601 

https://paperpile.com/c/6969Hm/DBOs
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# 54467) using the Q5-site directed mutagenesis kit (NEB). The 3xHA epitope tag was 602 

amplified from the pPR2-HA3 plasmid (Katris et al. 2014) and integrated into the pU6-DHFR 603 

vector (Addgene plasmid #80329). The 3xHA-DHFR cassette was amplified from the 604 

resulting vector by Q5 polymerase (NEB) using primers containing a 50 nt overlap 605 

homologous to the either upstream or downstream regions of the TGRH88_003980_t1 stop 606 

codon (primers “flank fwd Tgurpl11m tagging” and “flank rev Tgurpl11m tagging” in 607 

Supplementary file 9, respectively). The amplified donor construct was together with the 608 

pSAG1::CAS9-GFPU6::sgUPRT plasmid encoding the Cas9 and the sgRNA co-transfected 609 

into RH-ΔKUΔHX as described previously (Jacot et al. 2020). Parasites were grown under 610 

Pyrimethamine selection and subsequently cloned by limiting dilution in 96 well plates (Roos 611 

et al. 1994). Genotyping was performed directly from 96 well plates as described by (Piro et 612 

al. 2020). Proper integration of the 3xHA tag was verified in single clones using Sanger 613 

Sequencing. Sequences of all the primers used for cloning and genotyping are listed in 614 

Supplementary file 9.  615 

Immunofluorescence assays 616 

Immunofluorescence assays were done as described previously (van Dooren et al., 2008). 617 

Coverslips with confluent human foreskin fibroblasts (HFF) were infected with freshly 618 

egressed Toxoplasma gondii parasites. The next day, cells were fixed in 3% (w/v) 619 

paraformaldehyde in PBS for 15 min at room temperature and permeabilized in 0.25% (v/v) 620 

Triton X-100 in PBS for 10 min. Blocking was carried out in 2% (w/v) bovine serum albumin 621 

in PBS overnight. All antibody incubation steps were done at room temperature for 1 hour. 622 

Rabbit anti-TgTom40 (van Dooren et al., 2016, 1:2000 dilution) and rat anti-HA high affinity 623 

(Sigma, 11867431001, 1:200 dilution) primary antibodies were used. Then the coverslips 624 

were washed three times in PBS and incubated with donkey anti-rabbit CF 647 (Sigma, 625 

SAB4600177, 1:2000 dilution) and goat anti-rat AlexaFluor 488 (Thermo Fisher Scientific, A-626 

11006, 1:500 dilution) secondary antibodies. Microscopy and image acquisition were 627 

https://paperpile.com/c/6969Hm/QdBB
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performed on a DeltaVision Elite deconvolution setup (GE Healthcare) using inverted 628 

Olympus IX71 microscope fitted with a UPlanSApo 100x objective lens and Photometrics 629 

CoolSNAP HQ2 camera. Images were deconvolved using SoftWoRx Suite 2.0 software, 630 

brightness and contrast were linearly adjusted in FIJI/ImageJ (release 1.53c). 631 

T. gondii organelle enrichment 632 

A previously established protocol to enrich T. gondii organelles was modified here slightly 633 

(Esseiva et al., 2004). Freshly lysed T. gondii cultures from four T175 flasks (approximately 634 

8*108 parasites) were filtered through a 3 μm pore size polycarbonate filter to remove host 635 

cell debris and harvested by centrifugation at 1500 x g for 10 minutes. The parasite pellet 636 

was briefly washed in ice-cold Dulbecco's phosphate-buffered saline (PBS) (Capricorn 637 

Scientific) and again centrifuged for 10 minutes at 1500 x g. Afterwards, the parasite pellet 638 

was resuspended in 20 mM Tris-HCl, pH 7.4, 600 mM mannitol, 5 mM MgCl2, and 2 mM 639 

EDTA containing 0.05% digitonin (Invitrogen) and incubated for 5 minutes on ice. The extract 640 

was clarified by centrifugation at 8000 x g for 5 minutes at 4°C. The supernatant containing 641 

soluble cytosolic components was discarded, and the corresponding pellet was resuspended 642 

in 20 mM Tris-HCl, pH 7.4, 600 mM mannitol, 5 mM MgCl2, and 1 mM EDTA containing 643 

benzonase (345 U/ml) (Novagen), incubated for 20 minutes at room temperature and 644 

subsequently centrifuged at 8000 x g for 5 minutes at 4°C. The pellet was retained and 645 

washed in 20 mM Tris-HCl, pH 7.4, 600 mM mannitol, and 17 mM EDTA to inactivate 646 

benzonase remnants. Following a spin at 8000 x g for 5 minutes at 4°C, the pellet consisted 647 

of a crude enrichment of organelles and membranes. To study the T. gondii mitochondrial 648 

DNA content, the organelle pellet was directly used for DNA isolation. For organellar RNA 649 

analysis, the organelle pellet was frozen at -80°C for at least 24 hours. Afterwards, it was 650 

thawed on ice and resuspended in a high detergent lysis buffer (20 mM HEPES-KOH pH 7.5, 651 

100 mM KCl, 30 mM MgCl2, 1% Igepal-CA630, 1.5% Triton X-100, 0.5% sodium 652 

deoxycholate, 1 mM DTT, EDTA-free protease inhibitor). The lysate was incubated during 653 
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continuous end-over-end rotation at 4°C for 40 minutes and afterwards clarified by 654 

centrifugation at 16000 x g for 10 minutes at 4°C. The pellet, composed of cell debris and 655 

membranes, was discarded, and the supernatant, which contained the organelle lysate, was 656 

resuspended in TRIzol® Reagent (Invitrogen) for RNA isolation. 657 

SDS‒PAGE and immunoblotting 658 

To detect mitochondrial GFP in RH pSAG1-βGal/pmt-GFP parasites, samples taken during 659 

organelle enrichment were directly diluted in Laemmli buffer (0.2 M Tris–HCl, 8% (w/v) SDS, 660 

40% glycerol, 20% (v/v) β-mercaptoethanol, 0.005% bromophenol blue), incubated at 95°C 661 

for 5 minutes and subjected to sodium dodecyl sulfate‒polyacrylamide gel electrophoresis 662 

(SDS‒PAGE). SDS‒PAGE and immunoblotting were carried out as described previously 663 

(Kupsch et al., 2012). For immunodetection, monoclonal primary mouse anti-GFP antibody 664 

(G1546, Sigma‒Aldrich) and polyclonal rabbit anti-heat shock protein 70 antibody (AS05 665 

083A, Agrisera) followed by secondary horseradish peroxidase (HRP)‐labeled goat anti‐666 

mouse antibody (ab205719, Abcam) and goat anti-rabbit antibody (ab205718, Abcam) were 667 

used. 668 

Proteins from sucrose gradient fractions were isolated using methanol-chloroform-water 669 

extraction (Wessel and Flügge 1984). Protein pellets were resuspended in Laemmli buffer, 670 

heated for 5 minutes at 95°C and subjected to SDS-PAGE and immunoblotting. Primary rat 671 

anti-HA antibody (11867423001, Roche) and secondary rabbit anti-rat (HRP) antibody 672 

(ab6734, Abcam) were used for TguL11m:HA detection.  673 

DNA isolation and library construction 674 

DNA was isolated from organelle-enriched fractions using the GeneMATRIX Tissue DNA 675 

Purification Kit (Roboklon) according to the manufacturer’s protocol for cultured cells. The 676 

Oxford Nanopore Technology sequencing library was prepared with 1 µg of organelle-677 

enriched DNA using the SQK-LSK108 ligation sequencing kit (Oxford Nanopore, ONT) 678 

https://paperpile.com/c/6969Hm/EQev
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according to the manufacturer’s instructions. Sequencing was performed on an R9.4.1 Spot 679 

ON Flow Cell; live-basecalling was done using the ONT Guppy software package. 680 

RNA isolation and RNA Seq library construction 681 

RNA was isolated from total organelle enriched and sucrose gradient fraction samples using 682 

TRIzol® Reagent (Invitrogen), followed by the Monarch™ Total RNA Miniprep Kit (New 683 

England BioLabs) applying the manufacturer's protocol for TRIzol® extracted samples. Two 684 

hundred nanograms of RNA was used to generate sequencing libraries using the NEBNext® 685 

Multiplex Small RNA Library Prep Set for Illumina® Kit (New England BioLabs) according to 686 

the manufacturer’s instructions. For identification of PCR duplicates in the library preparation 687 

process, the 5’-linker was modified with 8 N-nucleotides (as unique molecular identifiers, 688 

UMIs). Small RNA library clean-up was carried out with AMPure XP Beads (Beckmann 689 

Coulter). Sequencing was performed by Genewiz on an Illumina NovaSeq platform with a 690 

read length of 150 bp for each pair. 691 

Agarose-formaldehyde gel electrophoresis  692 

RNA samples were diluted in denaturing loading buffer (Deionized formamide 62.5% (v/v), 693 

formaldehyde 1.14 M, bromophenol blue 200 μg/mL, xylene cyanole 200 μg/mL, MOPS-694 

EDTA-sodium acetate) and separated on a 1% agarose gel containing 1.2% formaldehyde. 695 

Cytosolic rRNAs were detected with ethidium bromide staining.  696 

Denaturing Urea-PAGE and sRNA gel blot 697 

RNA was separated by denaturing Urea-PAGE (10% or 12% polyacrylamide gel for total 698 

RNA/organelle enriched RNA and RNA extracted from sucrose density gradient fractions, 699 

respectively). Small RNA gel blotting and detection of transcripts with radiolabeled DNA oligo 700 

probes was carried out as described previously (Loizeau et al., 2014). Sequences of the 701 

oligo probes used in this study are listed in Supplementary file 9. Blot hybridization of 702 

sucrose density gradient fractions was carried out consecutively in the order RNA1_2, 703 

https://paperpile.com/c/6969Hm/wkPG
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RNA19, SSUA, LSUD_E, RNA3, LSUF_G, RNA29, with removal of probes by heating the 704 

blot to 60°C for 1 hour in 0.5% SDS. 705 

5’ RACE 706 

T. gondii total RNA was ligated to a small RNA oligo (Rumsh, see Supplementary file 9) 707 

using T4 RNA Ligase 1 (NEB) according to the manufacturer’s instructions. Afterwards, RNA 708 

was reverse transcribed using ProtoScript II Reverse Transcriptase (NEB) and random 709 

primers. PCR amplification of cDNA was performed with a gene-specific cob primer and a 710 

primer annealing to the ligated oligo (Rumsh1, see Supplementary file 9) using Taq DNA 711 

Polymerase (Roboklon). The purified PCR product was sequenced by Sanger Sequencing 712 

(LGC Genomics GmbH). 713 

Sucrose density gradient centrifugation 714 

Ribosome fractionation by sucrose density gradient centrifugation was performed as 715 

previously described (Waltz et al., 2021a). Briefly, T. gondii parasites were harvested and 716 

organelle enrichment was performed as described above with small modifications. Salt 717 

concentration in the digitonin and lysis buffer was either adjusted for optimal mitoribosome 718 

stability (30 mM MgCl2, 100 mM KCl) or for dissociative conditions (10 mM EDTA, 300 mM 719 

KCl). The organelle enriched lysate was layered onto a continuous 10%-50% sucrose 720 

gradient. Sucrose solutions (10% and 50%) were previously prepared freshly in 20 mM 721 

HEPES-KOH pH 7.5,1 mM DTT, EDTA-free protease inhibitor and either 30 mM MgCl2, 100 722 

mM KCl or 10 mM EDTA, 300 mM KCl (dissociative conditions). A continuous sucrose 723 

gradient was formed using BioComp Gradient Master 108. The gradient was centrifuged at 724 

200.000xg for 2 hours at 4°C in a S52-ST rotor (Thermo Scientific) and subsequently 725 

fractionated into 14 fractions using the BioComp Piston Gradient Fractionator device. 726 

Fractions were resuspended directly in TRIzol® reagent (Invitrogen). For RT-qPCR samples 727 

1.2 ng of human estrogen receptor 1 (ESR1) RNA was introduced into each fraction as 728 

https://paperpile.com/c/6969Hm/9jBT
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spike-in control. RNA was extracted from fractions using Trizol-Chloroform phase separation 729 

followed by overnight precipitation with 1 volume Isopropanol.  730 

RT-qPCR 731 

RNA isolated from fractions was treated with TurboDNase (NEB) and afterwards subjected to 732 

reverse transcription using ProtoScript® II Reverse Transcriptase (NEB). Synthesized cDNA 733 

from each fraction was used as a template in qPCR. Reactions were performed as technical 734 

triplicates using Luna® Universal qPCR Master Mix (NEB). Primers listed in Supplementary 735 

file S9 were used for amplification of mitochondrial cob, coxI, coxIII, LSUF/G rRNA and 736 

ESR1 spike-in for normalization. The relative quantity of each amplicon was determined 737 

using the Pfaffl-method (Pfaffl 2001). Relative quantities for amplicons in each fraction are 738 

presented as a percentage of the cumulative relative quantities of the respective amplicon 739 

across all fractions. Data was visualized using GraphPad Prism Version 10.1.0. 740 

Bioinformatic analyses 741 

All bioinformatic analyses except for the quantification of sequence block combinations were 742 

performed on the Galaxy web platform (v.22.01; https://usegalaxy.eu, Afgan et al. 2018). All 743 

reference sequences used were retrieved from GenBank (Sayers et al., 2019). Sequence 744 

alignments were prepared using Clustal Omega (https://www.ebi.ac.uk/Tools/msa/clustalo/) 745 

with default settings. E. coli sequences were added manually according to sequence 746 

positions established previously (Feagin et al., 2012). 747 

Masking NUMTs in the T. gondii nuclear genome 748 

To identify NUMTs in the T. gondii nuclear genome, mitochondrial sequence blocks 749 

(MN077088.1-MN077111.1) were aligned against the RH-88 nuclear reference genome 750 

(GCA_019455545.1, August 2021) using NCBI-BLASTN (v. 2.13.0) (Altschul et al., 1990) 751 

(default parameters, except max_target_seqs = 5000). All hits obtained in the BLASTN 752 

tabular output were manually integrated into a GFF3 file format. NUMTs in the nuclear 753 

https://paperpile.com/c/6969Hm/CZFX
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genome were masked with bedtools MaskFastaBed (Quinlan and Hall, 2010) based on the 754 

intervals defined in the GFF3 file. In total, we masked 8118 sites with an average length of 755 

92 nt representing in total ~1% of the nuclear genome. 756 

DNA sequencing data analysis 757 

DNA Oxford Nanopore sequencing data were trimmed using porechop (Version 0.2.4, 758 

https://github.com/rrwick/Porechop). As a first step, trimmed reads were mapped against the 759 

human reference genome GRCh38.p14 (GCA_000001405.29, February 2022) using 760 

Minimap2 (Version 2.24) (Li 2018) (PacBio/Oxford Nanopore read to reference mapping, 761 

default settings). Mapping results were filtered using SAMtools view (Version 1.15.1) (Li et al. 762 

2009) (-f read is unmapped). Unmapped reads were subsequently simultaneously mapped 763 

against the T. gondii RH-88 nuclear reference genome masked for NUMTs, the apicoplast 764 

genome (CM033583.1) and mitochondrial sequence blocks (MN077088.1- MN077111.1) 765 

using Minimap2. A fraction of the reads that fit best to the mitochondrial genome still retain 766 

shorter nuclear sequence sections and are therefore representing NUMTs. We therefore took 767 

all reads that mapped to the mitochondrial genome in our first mapping and mapped them 768 

against the nuclear reference genome masked for NUMTs using Minimap2 (Version 2.24). 769 

The remaining unmapped reads were considered mitochondrial and visualized with 770 

Geneious Prime® v. 2019.2.3. (Biomatters Ltd.). Reads were annotated providing the 771 

mitochondrial sequence blocks (MN077088.1 - MN077111.1) and ORFs (MN077082.1 - 772 

MN077084.1) as annotation database using the Geneious Prime® “Annotate from Database” 773 

tool with similarity set to ≥75%. 774 

Sequence comparisons of ONT reads found here with published ONT reads for the T. gondii 775 

mitochondrial genome were performed using the NUCmer tool in the MUMmer package of 776 

https://paperpile.com/c/6969Hm/Ejgc
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Galaxy with the following settings: minimum match length 20 and minimum alignment length 777 

290 (shortest read in Namasivayam et al., 2021). The Show-Coords tool was used to output 778 

alignment information. We found 1555 reads of our dataset being entirely part (defined as 779 

≥99% read coverage) of reads from the Namasivayam et al. (2021) and 212 reads of their 780 

dataset being fully found within reads from our dataset. 781 

Analysis of mitochondrial DNA sequence block arrangements 782 

For a comprehensive overview of the analysis, including the complete .Rmd report please 783 

refer to the GitHub repository (https://github.com/Kovox91/ToxoBlocks). In brief, annotated 784 

block IDs, indicating the directionality of each block, were exported in plain text. A custom R 785 

script, leveraging the tidyverse library (Wickham et al. 2019), was employed for the 786 

subsequent analysis. This script facilitated the removal of block combinations where two 787 

blocks were distanced by more than 10 nucleotides. For two-block combinations, the script 788 

summed up all identified combinations, filtering out those occurring less than 50 times. The 789 

results, incorporating block orientations, were visualized using ComplexHeatmap (Gu and 790 

Hübschmann 2022). To quantify the relative abundance of ORFs , counts for the respective 791 

ORF combinations were tallied across all reads. The ORF frequency was then computed as 792 

the ratio of reads containing at least one instance of the specific ORF to the total number of 793 

reads that were at least as long as the given ORF. RNA sequencing data analysis. 794 

Adapter and quality trimming of RNA sequencing data was performed using Cutadapt 795 

(Version 4.1; Martin, 2011). Umi-tools was used to extract UMIs (Version 1.1.2; Smith et al., 796 

2017). Reads were aligned to the T. gondii RH-88 nuclear reference genome masked for 797 

NUMTs and the apicoplast genome (CM033583.1) using Bowtie2 (Version 2.4.5; Langmead 798 

et al., 2009) in default settings. Mapping results were filtered using SAMtools view (Version 799 

1.15.1; Li et al., 2009) (-f read is unmapped). Unmapped reads were kept and mapped with 800 

Bowtie2 using default settings against the T. gondii mitochondrial genome using all 801 

combinations of the sequence blocks found in our genome sequence analysis (GenBank 802 

https://paperpile.com/c/6969Hm/tYkW/?prefix=shortest%20read%20in
https://github.com/Kovox91/ToxoBlocks
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accession MN077088.1 - MN077111.1, OR086910 - OR086916) as determined in our ONT 803 

DNA sequencing data. Transcripts were determined as follows: first, most transcripts had 804 

short poly-A tails - up to 12 adenines at their 3’-ends - which is similar to the situation in P. 805 

falciparum (Rehkopf et al., 2000). For the identification of the transcript 3’-ends, all polyA-806 

tails longer than three nucleotides were removed from reads using fastp (Chen et al., 2018). 807 

The number of mapped 3’ and 5’ read ends at each position in the reference was calculated 808 

using Bedtools Genome Coverage 2.30.0 (Quinlan and Hall, 2010). The 5’-ends at the 809 

beginning of coverage plateaus over the background were considered starting points of 810 

transcripts. For each 5’ end, the mapped 3’-end most far away but still represented by at 811 

least 10% of the reads of the 5’-terminus and connected to the starting point by uninterrupted 812 

coverage over background was considered the corresponding 3’-terminus. Alignments and 813 

coverage graphs were visualized in Integrated Genome Viewer (Robinson et al., 2011). All 814 

RNA sequencing data are available at SRA under accession number PRJNA978626. 815 

Sequence similarity search  816 

All newly identified transcripts were subjected to an NCBI-BLASTN homology search (v. 817 

2.13.0; Altschul et al., 1990; default parameters, except word size=7) against the 818 

Plasmodium falciparum mitochondrial genome (M76611.1) and the Eimeria leuckarti 819 

mitochondrial genome (MW354691.1). Transcripts not matching the P. falciparum or E. 820 

leuckarti mitochondrial genome were further inspected for homology to the E. coli rRNA 821 

operon (J01695.2) using BLASTN. 822 

Data access 823 

The RNA and DNA sequencing data generated in this study have been submitted to the 824 

NCBI BioProject database (https://www.ncbi.nlm.nih.gov/bioproject/) under accession 825 

number PRJNA978626. New block annotations can be found in GenBank, OR086910 - 826 

OR086916. 827 

https://paperpile.com/c/6969Hm/choe
https://paperpile.com/c/6969Hm/s5Hh
https://paperpile.com/c/6969Hm/Ejgc
https://paperpile.com/c/6969Hm/So3H
https://paperpile.com/c/6969Hm/jqMp/?prefix=v.%202.13.0%3B%20&suffix=%3B%20default%20parameters%2C%20except%20word%20size%3D7
https://paperpile.com/c/6969Hm/jqMp/?prefix=v.%202.13.0%3B%20&suffix=%3B%20default%20parameters%2C%20except%20word%20size%3D7
https://www.ncbi.nlm.nih.gov/bioproject/


 

 

33 

 

Competing interests 828 

The authors declare that they have no competing interests. 829 

Acknowledgments 830 

We are grateful to Giel van Dooren, Frank Seeber, Kai Matuschewski, and Hannes Ruwe for 831 

critical discussion of our data and manuscript. We sincerely thank Frank Seeber for providing 832 

the T. gondii strains. We are grateful to Giel van Dooren for providing the plasmids for 833 

CRISPR/Cas9 tagging and for support from the microscopy facility at ANU Canberra. We 834 

thank Svea Beier for preparing the constructs for RPL11 tagging and Florian Rösch for 835 

preparing the vector for the ESR1-spike in amplification.  836 

Funding 837 

This work was supported by the German research foundation (DFG) by grant IRTG2290, 838 

project B01 to C.S. 839 

References 840 

Alday PH, Bruzual I, Nilsen A, Pou S, Winter R, Ben Mamoun C, Riscoe MK, Doggett JS. 2017. 841 
Genetic Evidence for Cytochrome b Qi Site Inhibition by 4(1H)-Quinolone-3-Diarylethers and 842 
Antimycin in Toxoplasma gondii. Antimicrob Agents Chemother 61. doi:10.1128/AAC.01866-16 843 

Allkanjari K, Baldock RA. 2021. Beyond base excision repair: an evolving picture of mitochondrial DNA 844 
repair. Biosci Rep 41. doi:10.1042/BSR20211320 845 

Altschul SF, Gish W, Miller W, Myers EW, Lipman DJ. 1990. Basic local alignment search tool. J Mol 846 
Biol 215:403–410. 847 

Berná L, Marquez P, Cabrera A, Greif G, Francia ME, Robello C. 2021a. Reevaluation of the 848 
Toxoplasma gondii and Neospora caninum genomes reveals misassembly, karyotype differences, 849 
and chromosomal rearrangements. Genome Res 31:823–833. 850 

Berná L, Rego N, Francia ME. 2021b. The Elusive Mitochondrial Genomes of Apicomplexa: Where 851 
Are We Now? Front Microbiol 12:751775. 852 

Burger G, Valach M. 2018. Perfection of eccentricity: Mitochondrial genomes of diplonemids. IUBMB 853 
Life 70:1197–1206. 854 

Bushell E, Gomes AR, Sanderson T, Anar B, Girling G, Herd C, Metcalf T, Modrzynska K, Schwach F, 855 
Martin RE, Mather MW, McFadden GI, Parts L, Rutledge GG, Vaidya AB, Wengelnik K, Rayner 856 
JC, Billker O. 2017. Functional Profiling of a Plasmodium Genome Reveals an Abundance of 857 
Essential Genes. Cell 170:260–272.e8. 858 

Chen S, Zhou Y, Chen Y, Gu J. 2018. fastp: an ultra-fast all-in-one FASTQ preprocessor. 859 
Bioinformatics 34:i884–i890. 860 

Coelho PSR, Bryan AC, Kumar A, Shadel GS, Snyder M. 2002. A novel mitochondrial protein, Tar1p, 861 
is encoded on the antisense strand of the nuclear 25S rDNA. Genes Dev 16:2755–2760. 862 

DeRocher A, Hagen CB, Froehlich JE, Feagin JE, Parsons M. 2000. Analysis of targeting sequences 863 
demonstrates that trafficking to the Toxoplasma gondii plastid branches off the secretory system. 864 
J Cell Sci 113 ( Pt 22):3969–3977. 865 

http://paperpile.com/b/6969Hm/STyi
http://paperpile.com/b/6969Hm/STyi
http://paperpile.com/b/6969Hm/STyi
http://paperpile.com/b/6969Hm/STyi
http://paperpile.com/b/6969Hm/STyi
http://paperpile.com/b/6969Hm/STyi
http://paperpile.com/b/6969Hm/STyi
http://paperpile.com/b/6969Hm/STyi
http://paperpile.com/b/6969Hm/Y7U2
http://paperpile.com/b/6969Hm/Y7U2
http://paperpile.com/b/6969Hm/Y7U2
http://paperpile.com/b/6969Hm/Y7U2
http://paperpile.com/b/6969Hm/Y7U2
http://paperpile.com/b/6969Hm/Y7U2
http://dx.doi.org/10.1042/BSR20211320
http://paperpile.com/b/6969Hm/jqMp
http://paperpile.com/b/6969Hm/jqMp
http://paperpile.com/b/6969Hm/jqMp
http://paperpile.com/b/6969Hm/jqMp
http://paperpile.com/b/6969Hm/jqMp
http://paperpile.com/b/6969Hm/jqMp
http://paperpile.com/b/6969Hm/IKOJ
http://paperpile.com/b/6969Hm/IKOJ
http://paperpile.com/b/6969Hm/IKOJ
http://paperpile.com/b/6969Hm/IKOJ
http://paperpile.com/b/6969Hm/IKOJ
http://paperpile.com/b/6969Hm/IKOJ
http://paperpile.com/b/6969Hm/IKOJ
http://paperpile.com/b/6969Hm/ripd
http://paperpile.com/b/6969Hm/ripd
http://paperpile.com/b/6969Hm/ripd
http://paperpile.com/b/6969Hm/ripd
http://paperpile.com/b/6969Hm/ripd
http://paperpile.com/b/6969Hm/ripd
http://paperpile.com/b/6969Hm/ay0S
http://paperpile.com/b/6969Hm/ay0S
http://paperpile.com/b/6969Hm/ay0S
http://paperpile.com/b/6969Hm/ay0S
http://paperpile.com/b/6969Hm/ay0S
http://paperpile.com/b/6969Hm/ay0S
http://paperpile.com/b/6969Hm/gyz3
http://paperpile.com/b/6969Hm/gyz3
http://paperpile.com/b/6969Hm/gyz3
http://paperpile.com/b/6969Hm/gyz3
http://paperpile.com/b/6969Hm/gyz3
http://paperpile.com/b/6969Hm/gyz3
http://paperpile.com/b/6969Hm/gyz3
http://paperpile.com/b/6969Hm/gyz3
http://paperpile.com/b/6969Hm/s5Hh
http://paperpile.com/b/6969Hm/s5Hh
http://paperpile.com/b/6969Hm/s5Hh
http://paperpile.com/b/6969Hm/s5Hh
http://paperpile.com/b/6969Hm/s5Hh
http://paperpile.com/b/6969Hm/s5Hh
http://paperpile.com/b/6969Hm/OYGG
http://paperpile.com/b/6969Hm/OYGG
http://paperpile.com/b/6969Hm/OYGG
http://paperpile.com/b/6969Hm/OYGG
http://paperpile.com/b/6969Hm/OYGG
http://paperpile.com/b/6969Hm/OYGG
http://paperpile.com/b/6969Hm/Wq5A
http://paperpile.com/b/6969Hm/Wq5A
http://paperpile.com/b/6969Hm/Wq5A
http://paperpile.com/b/6969Hm/Wq5A
http://paperpile.com/b/6969Hm/Wq5A
http://paperpile.com/b/6969Hm/Wq5A


 

 

34 

 

Esseiva AC, Naguleswaran A, Hemphill A, Schneider A. 2004. Mitochondrial tRNA import in 866 
Toxoplasma gondii. J Biol Chem 279:42363–42368. 867 

Feagin JE, Harrell MI, Lee JC, Coe KJ, Sands BH, Cannone JJ, Tami G, Schnare MN, Gutell RR. 868 
2012. The fragmented mitochondrial ribosomal RNAs of Plasmodium falciparum. PLoS One 869 
7:e38320. 870 

Gjerde B. 2013. Characterisation of full-length mitochondrial copies and partial nuclear copies (numts) 871 
of the cytochrome b and cytochrome c oxidase subunit I genes of Toxoplasma gondii, Neospora 872 
caninum, Hammondia heydorni and Hammondia triffittae (Apicomplexa: Sarcocystidae). Parasitol 873 
Res 112:1493–1511. 874 

Gupta A, Shah P, Haider A, Gupta K, Siddiqi MI, Ralph SA, Habib S. 2014. Reduced ribosomes of the 875 
apicoplast and mitochondrion of Plasmodium spp. and predicted interactions with antibiotics. 876 
Open Biol 4:140045. 877 

Hikosaka K, Kita K, Tanabe K. 2013. Diversity of mitochondrial genome structure in the phylum 878 
Apicomplexa. Mol Biochem Parasitol 188:26–33. 879 

Hillebrand A, Matz JM, Almendinger M, Muller K, Matuschewski K, Schmitz-Linneweber C. 2018. 880 
Identification of clustered organellar short (cos) RNAs and of a conserved family of organellar 881 
RNA-binding proteins, the heptatricopeptide repeat proteins, in the malaria parasite. Nucleic Acids 882 
Res. doi:10.1093/nar/gky710 883 

Hollin T, Abel S, Falla A, Pasaje CFA, Bhatia A, Hur M, Kirkwood JS, Saraf A, Prudhomme J, De 884 
Souza A, Florens L, Niles JC, Le Roch KG. 2022. Functional genomics of RAP proteins and their 885 
role in mitoribosome regulation in Plasmodium falciparum. Nat Commun 13:1275. 886 

Ji YE, Mericle BL, Rehkopf DH, Anderson JD, Feagin JE. 1996. The Plasmodium falciparum 6 kb 887 
element is polycistronically transcribed. Mol Biochem Parasitol 81:211–223. 888 

Ke H, Morrisey JM, Ganesan SM, Mather MW, Vaidya AB. 2012. Mitochondrial RNA polymerase is an 889 
essential enzyme in erythrocytic stages of Plasmodium falciparum. Mol Biochem Parasitol 890 
185:48–51. 891 

Kermekchiev M, Ivanova L. 2001. Ribin, a protein encoded by a message complementary to rRNA, 892 
modulates ribosomal transcription and cell proliferation. Mol Cell Biol 21:8255–8263. 893 

Kozik A, Rowan BA, Lavelle D, Berke L, Schranz ME, Michelmore RW, Christensen AC. 2019. The 894 
alternative reality of plant mitochondrial DNA: One ring does not rule them all. PLoS Genet 895 
15:e1008373. 896 

Kupsch C, Ruwe H, Gusewski S, Tillich M, Small I, Schmitz-Linneweber C. 2012. Arabidopsis 897 
chloroplast RNA binding proteins CP31A and CP29A associate with large transcript pools and 898 
confer cold stress tolerance by influencing multiple chloroplast RNA processing steps. Plant Cell 899 
24:4266–4280. 900 

Lacombe A, Maclean AE, Ovciarikova J, Tottey J, Mühleip A, Fernandes P, Sheiner L. 2019. 901 
Identification of the Toxoplasma gondii mitochondrial ribosome, and characterisation of a protein 902 
essential for mitochondrial translation. Mol Microbiol 112:1235–1252. 903 

Lane KD, Mu J, Lu J, Windle ST, Liu A, Sun PD, Wellems TE. 2018. Selection of Plasmodium 904 
falciparum cytochrome B mutants by putative PfNDH2 inhibitors. Proc Natl Acad Sci U S A 905 
115:6285–6290. 906 

Langmead B, Trapnell C, Pop M, Salzberg SL. 2009. Ultrafast and memory-efficient alignment of short 907 
DNA sequences to the human genome. Genome Biol 10:R25. 908 

Lee VV, Judd LM, Jex AR, Holt KE, Tonkin CJ, Ralph SA. 2021. Direct Nanopore Sequencing of 909 
mRNA Reveals Landscape of Transcript Isoforms in Apicomplexan Parasites. mSystems 6. 910 
doi:10.1128/mSystems.01081-20 911 

Li H, Handsaker B, Wysoker A, Fennell T, Ruan J, Homer N, Marth G, Abecasis G, Durbin R, 1000 912 
Genome Project Data Processing Subgroup. 2009. The Sequence Alignment/Map format and 913 
SAMtools. Bioinformatics 25:2078–2079. 914 

Liu J, Zhou W, Liu G, Yang C, Sun Y, Wu W, Cao S, Wang C, Hai G, Wang Z, Bock R, Huang J, 915 
Cheng Y. 2015. The conserved endoribonuclease YbeY is required for chloroplast ribosomal RNA 916 
processing in Arabidopsis. Plant Physiol 168:205–221. 917 

Loizeau K, Qu Y, Depp S, Fiechter V, Ruwe H, Lefebvre-Legendre L, Schmitz-Linneweber C, 918 
Goldschmidt-Clermont M. 2014. Small RNAs reveal two target sites of the RNA-maturation factor 919 
Mbb1 in the chloroplast of Chlamydomonas. Nucleic Acids Res 42:3286–3297. 920 

MacRae JI, Sheiner L, Nahid A, Tonkin C, Striepen B, McConville MJ. 2012. Mitochondrial metabolism 921 
of glucose and glutamine is required for intracellular growth of Toxoplasma gondii. Cell Host 922 
Microbe 12:682–692. 923 

Martin M. 2011. Cutadapt removes adapter sequences from high-throughput sequencing reads. 924 

http://paperpile.com/b/6969Hm/oglA
http://paperpile.com/b/6969Hm/oglA
http://paperpile.com/b/6969Hm/oglA
http://paperpile.com/b/6969Hm/oglA
http://paperpile.com/b/6969Hm/oglA
http://paperpile.com/b/6969Hm/oglA
http://paperpile.com/b/6969Hm/MQMg
http://paperpile.com/b/6969Hm/MQMg
http://paperpile.com/b/6969Hm/MQMg
http://paperpile.com/b/6969Hm/MQMg
http://paperpile.com/b/6969Hm/MQMg
http://paperpile.com/b/6969Hm/MQMg
http://paperpile.com/b/6969Hm/qbNs
http://paperpile.com/b/6969Hm/qbNs
http://paperpile.com/b/6969Hm/qbNs
http://paperpile.com/b/6969Hm/qbNs
http://paperpile.com/b/6969Hm/qbNs
http://paperpile.com/b/6969Hm/qbNs
http://paperpile.com/b/6969Hm/qbNs
http://paperpile.com/b/6969Hm/qbNs
http://paperpile.com/b/6969Hm/qlfB
http://paperpile.com/b/6969Hm/qlfB
http://paperpile.com/b/6969Hm/qlfB
http://paperpile.com/b/6969Hm/qlfB
http://paperpile.com/b/6969Hm/qlfB
http://paperpile.com/b/6969Hm/qlfB
http://paperpile.com/b/6969Hm/Y8in
http://paperpile.com/b/6969Hm/Y8in
http://paperpile.com/b/6969Hm/Y8in
http://paperpile.com/b/6969Hm/Y8in
http://paperpile.com/b/6969Hm/Y8in
http://paperpile.com/b/6969Hm/Y8in
http://paperpile.com/b/6969Hm/7THr
http://paperpile.com/b/6969Hm/7THr
http://paperpile.com/b/6969Hm/7THr
http://paperpile.com/b/6969Hm/7THr
http://paperpile.com/b/6969Hm/7THr
http://paperpile.com/b/6969Hm/7THr
http://dx.doi.org/10.1093/nar/gky710
http://paperpile.com/b/6969Hm/Yp9O
http://paperpile.com/b/6969Hm/Yp9O
http://paperpile.com/b/6969Hm/Yp9O
http://paperpile.com/b/6969Hm/Yp9O
http://paperpile.com/b/6969Hm/Yp9O
http://paperpile.com/b/6969Hm/Yp9O
http://paperpile.com/b/6969Hm/Yp9O
http://paperpile.com/b/6969Hm/AmFi
http://paperpile.com/b/6969Hm/AmFi
http://paperpile.com/b/6969Hm/AmFi
http://paperpile.com/b/6969Hm/AmFi
http://paperpile.com/b/6969Hm/AmFi
http://paperpile.com/b/6969Hm/AmFi
http://paperpile.com/b/6969Hm/cwXT
http://paperpile.com/b/6969Hm/cwXT
http://paperpile.com/b/6969Hm/cwXT
http://paperpile.com/b/6969Hm/cwXT
http://paperpile.com/b/6969Hm/cwXT
http://paperpile.com/b/6969Hm/cwXT
http://paperpile.com/b/6969Hm/lwka
http://paperpile.com/b/6969Hm/lwka
http://paperpile.com/b/6969Hm/lwka
http://paperpile.com/b/6969Hm/lwka
http://paperpile.com/b/6969Hm/lwka
http://paperpile.com/b/6969Hm/lwka
http://paperpile.com/b/6969Hm/ntqT
http://paperpile.com/b/6969Hm/ntqT
http://paperpile.com/b/6969Hm/ntqT
http://paperpile.com/b/6969Hm/ntqT
http://paperpile.com/b/6969Hm/ntqT
http://paperpile.com/b/6969Hm/ntqT
http://paperpile.com/b/6969Hm/EQev
http://paperpile.com/b/6969Hm/EQev
http://paperpile.com/b/6969Hm/EQev
http://paperpile.com/b/6969Hm/EQev
http://paperpile.com/b/6969Hm/EQev
http://paperpile.com/b/6969Hm/EQev
http://paperpile.com/b/6969Hm/EQev
http://paperpile.com/b/6969Hm/EQev
http://paperpile.com/b/6969Hm/jIsQ
http://paperpile.com/b/6969Hm/jIsQ
http://paperpile.com/b/6969Hm/jIsQ
http://paperpile.com/b/6969Hm/jIsQ
http://paperpile.com/b/6969Hm/jIsQ
http://paperpile.com/b/6969Hm/jIsQ
http://paperpile.com/b/6969Hm/jIsQ
http://paperpile.com/b/6969Hm/t3rV
http://paperpile.com/b/6969Hm/t3rV
http://paperpile.com/b/6969Hm/t3rV
http://paperpile.com/b/6969Hm/t3rV
http://paperpile.com/b/6969Hm/t3rV
http://paperpile.com/b/6969Hm/t3rV
http://paperpile.com/b/6969Hm/Q2o5
http://paperpile.com/b/6969Hm/Q2o5
http://paperpile.com/b/6969Hm/Q2o5
http://paperpile.com/b/6969Hm/Q2o5
http://paperpile.com/b/6969Hm/Q2o5
http://paperpile.com/b/6969Hm/Q2o5
http://paperpile.com/b/6969Hm/IcKA
http://paperpile.com/b/6969Hm/IcKA
http://paperpile.com/b/6969Hm/IcKA
http://paperpile.com/b/6969Hm/IcKA
http://paperpile.com/b/6969Hm/IcKA
http://paperpile.com/b/6969Hm/IcKA
http://paperpile.com/b/6969Hm/IcKA
http://paperpile.com/b/6969Hm/IcKA
http://paperpile.com/b/6969Hm/1yUq
http://paperpile.com/b/6969Hm/1yUq
http://paperpile.com/b/6969Hm/1yUq
http://paperpile.com/b/6969Hm/1yUq
http://paperpile.com/b/6969Hm/1yUq
http://paperpile.com/b/6969Hm/1yUq
http://paperpile.com/b/6969Hm/1yUq
http://paperpile.com/b/6969Hm/d5v2
http://paperpile.com/b/6969Hm/d5v2
http://paperpile.com/b/6969Hm/d5v2
http://paperpile.com/b/6969Hm/d5v2
http://paperpile.com/b/6969Hm/d5v2
http://paperpile.com/b/6969Hm/d5v2
http://paperpile.com/b/6969Hm/d5v2
http://paperpile.com/b/6969Hm/wkPG
http://paperpile.com/b/6969Hm/wkPG
http://paperpile.com/b/6969Hm/wkPG
http://paperpile.com/b/6969Hm/wkPG
http://paperpile.com/b/6969Hm/wkPG
http://paperpile.com/b/6969Hm/wkPG
http://paperpile.com/b/6969Hm/wkPG
http://paperpile.com/b/6969Hm/9Lzj
http://paperpile.com/b/6969Hm/9Lzj
http://paperpile.com/b/6969Hm/9Lzj
http://paperpile.com/b/6969Hm/9Lzj
http://paperpile.com/b/6969Hm/9Lzj
http://paperpile.com/b/6969Hm/9Lzj
http://paperpile.com/b/6969Hm/9Lzj
http://paperpile.com/b/6969Hm/qiQ3


 

 

35 

 

EMBnet 17. doi:10.14806/ej.17.1.200. 925 
Mauro VP, Edelman GM. 1997. rRNA-like sequences occur in diverse primary transcripts: implications 926 

for the control of gene expression. Proc Natl Acad Sci U S A 94:422–427. 927 
McFadden DC, Tomavo S, Berry EA, Boothroyd JC. 2000. Characterization of cytochrome b from 928 

Toxoplasma gondii and Q(o) domain mutations as a mechanism of atovaquone-resistance. Mol 929 
Biochem Parasitol 108:1–12. 930 

Melo EJ, Attias M, De Souza W. 2000. The single mitochondrion of tachyzoites of Toxoplasma gondii. 931 
J Struct Biol 130:27–33. 932 

Molan A, Nosaka K, Hunter M, Wang W. 2019. Global status of Toxoplasma gondii infection: 933 
systematic review and prevalence snapshots. Trop Biomed 36:898–925. 934 

Namasivayam S, Baptista RP, Xiao W, Hall EM, Doggett JS, Troell K, Kissinger JC. 2021. A novel 935 
fragmented mitochondrial genome in the protist pathogen Toxoplasma gondii and related tissue 936 
coccidia. Genome Res 31:852–865. 937 

Namasivayam S, Sun C, Bah AB, Oberstaller J, Pierre-Louis E, Etheridge RD, Feschotte C, Pritham 938 
EJ, Kissinger JC 2023. Massive invasion of organellar DNA drives nuclear genome evolution in 939 
Toxoplasma. Proc Natl Acad Sci U S A 120:e2308569120. 940 

Nishimura K, Ashida H, Ogawa T, Yokota A. 2010. A DEAD box protein is required for formation of a 941 
hidden break in Arabidopsis chloroplast 23S rRNA. Plant J 63:766–777. 942 

Oborník M, Lukeš J. 2015. The Organellar Genomes of Chromera and Vitrella, the Phototrophic 943 
Relatives of Apicomplexan Parasites. Annu Rev Microbiol 69:129–144. 944 

Ohle C, Tesorero R, Schermann G, Dobrev N, Sinning I, Fischer T. 2016. Transient RNA-DNA Hybrids 945 
Are Required for Efficient Double-Strand Break Repair. Cell 167:1001–1013.e7. 946 

Ossorio PN, Sibley LD, Boothroyd JC. 1991. Mitochondrial-like DNA sequences flanked by direct and 947 
inverted repeats in the nuclear genome of Toxoplasma gondii. J Mol Biol 222:525–536. 948 

Pajak A, Laine I, Clemente P, El-Fissi N, Schober FA, Maffezzini C, Calvo-Garrido J, Wibom R, 949 
Filograna R, Dhir A, Wedell A, Freyer C, Wredenberg A. 2019. Defects of mitochondrial RNA 950 
turnover lead to the accumulation of double-stranded RNA in vivo. PLoS Genet 15:e1008240. 951 

Quinlan AR, Hall IM. 2010. BEDTools: a flexible suite of utilities for comparing genomic features. 952 
Bioinformatics 26:841–842. 953 

Ramrath DJF, Niemann M, Leibundgut M, Bieri P, Prange C, Horn EK, Leitner A, Boehringer D, 954 
Schneider A, Ban N. 2018. Evolutionary shift toward protein-based architecture in trypanosomal 955 
mitochondrial ribosomes. Science 362. doi:10.1126/science.aau7735 956 

Rehkopf DH, Gillespie DE, Harrell MI, Feagin JE. 2000. Transcriptional mapping and RNA processing 957 
of the Plasmodium falciparum mitochondrial mRNAs. Mol Biochem Parasitol 105:91–103. 958 

Robinson JT, Thorvaldsdóttir H, Winckler W, Guttman M, Lander ES, Getz G, Mesirov JP. 2011. 959 
Integrative genomics viewer. Nat Biotechnol 29:24–26. 960 

Saurer M, Leibundgut M, Nadimpalli HP, Scaiola A, Schönhut T, Lee RG, Siira SJ, Rackham O, Dreos 961 
R, Lenarčič T, Kummer E, Gatfield D, Filipovska A, Ban N. 2023. Molecular basis of translation 962 
termination at noncanonical stop codons in human mitochondria. Science 380:531–536. 963 

Sayers EW, Cavanaugh M, Clark K, Ostell J, Pruitt KD, Karsch-Mizrachi I. 2019. GenBank. Nucleic 964 
Acids Res 47:D94–D99. 965 

Seeber F, Feagin JE, Parsons M, van Dooren GG. 2020. Chapter 11 - The apicoplast and 966 
mitochondrion of Toxoplasma gondii In: Weiss LM, Kim K, editors. Toxoplasma Gondii (Third 967 
Edition). Academic Press. pp. 499–545. 968 

Seeber F, Ferguson DJ, Gross U. 1998. Toxoplasma gondii: a paraformaldehyde-insensitive 969 
diaphorase activity acts as a specific histochemical marker for the single mitochondrion. Exp 970 
Parasitol 89:137–139. 971 

Shikha S, Silva MF, Sheiner L. 2022. Identification and Validation of Toxoplasma gondii Mitoribosomal 972 
Large Subunit Components. Microorganisms 10. doi:10.3390/microorganisms10050863 973 

Sidik SM, Huet D, Ganesan SM, Huynh M-H, Wang T, Nasamu AS, Thiru P, Saeij JPJ, Carruthers VB, 974 
Niles JC, Lourido S. 2016. A Genome-wide CRISPR Screen in Toxoplasma Identifies Essential 975 
Apicomplexan Genes. Cell 166:1423–1435.e12. 976 

Smith T, Heger A, Sudbery I. 2017. UMI-tools: modeling sequencing errors in Unique Molecular 977 
Identifiers to improve quantification accuracy. Genome Res 27:491–499. 978 

Srivastava IK, Morrisey JM, Darrouzet E, Daldal F, Vaidya AB. 1999. Resistance mutations reveal the 979 
atovaquone-binding domain of cytochrome b in malaria parasites. Mol Microbiol 33:704–711. 980 

Subczynski WK, Pasenkiewicz-Gierula M, Widomska J, Mainali L, Raguz M. 2017. High 981 
Cholesterol/Low Cholesterol: Effects in Biological Membranes: A Review. Cell Biochem Biophys 982 
75:369–385. 983 

http://paperpile.com/b/6969Hm/qiQ3
http://paperpile.com/b/6969Hm/qiQ3
http://dx.doi.org/10.14806/ej.17.1.200.
http://paperpile.com/b/6969Hm/WOVO
http://paperpile.com/b/6969Hm/WOVO
http://paperpile.com/b/6969Hm/WOVO
http://paperpile.com/b/6969Hm/WOVO
http://paperpile.com/b/6969Hm/WOVO
http://paperpile.com/b/6969Hm/WOVO
http://paperpile.com/b/6969Hm/m5Ppf
http://paperpile.com/b/6969Hm/m5Ppf
http://paperpile.com/b/6969Hm/m5Ppf
http://paperpile.com/b/6969Hm/m5Ppf
http://paperpile.com/b/6969Hm/m5Ppf
http://paperpile.com/b/6969Hm/m5Ppf
http://paperpile.com/b/6969Hm/m5Ppf
http://paperpile.com/b/6969Hm/yRdj
http://paperpile.com/b/6969Hm/yRdj
http://paperpile.com/b/6969Hm/yRdj
http://paperpile.com/b/6969Hm/yRdj
http://paperpile.com/b/6969Hm/yRdj
http://paperpile.com/b/6969Hm/yRdj
http://paperpile.com/b/6969Hm/OvAT
http://paperpile.com/b/6969Hm/OvAT
http://paperpile.com/b/6969Hm/OvAT
http://paperpile.com/b/6969Hm/OvAT
http://paperpile.com/b/6969Hm/OvAT
http://paperpile.com/b/6969Hm/OvAT
http://paperpile.com/b/6969Hm/tYkW
http://paperpile.com/b/6969Hm/tYkW
http://paperpile.com/b/6969Hm/tYkW
http://paperpile.com/b/6969Hm/tYkW
http://paperpile.com/b/6969Hm/tYkW
http://paperpile.com/b/6969Hm/tYkW
http://paperpile.com/b/6969Hm/tYkW
http://paperpile.com/b/6969Hm/nMQu
http://paperpile.com/b/6969Hm/nMQu
http://paperpile.com/b/6969Hm/nMQu
http://paperpile.com/b/6969Hm/nMQu
http://paperpile.com/b/6969Hm/nMQu
http://paperpile.com/b/6969Hm/nMQu
http://paperpile.com/b/6969Hm/SqAd
http://paperpile.com/b/6969Hm/SqAd
http://paperpile.com/b/6969Hm/SqAd
http://paperpile.com/b/6969Hm/SqAd
http://paperpile.com/b/6969Hm/SqAd
http://paperpile.com/b/6969Hm/SqAd
http://paperpile.com/b/6969Hm/uqkL
http://paperpile.com/b/6969Hm/uqkL
http://paperpile.com/b/6969Hm/uqkL
http://paperpile.com/b/6969Hm/uqkL
http://paperpile.com/b/6969Hm/uqkL
http://paperpile.com/b/6969Hm/uqkL
http://paperpile.com/b/6969Hm/h0wW
http://paperpile.com/b/6969Hm/h0wW
http://paperpile.com/b/6969Hm/h0wW
http://paperpile.com/b/6969Hm/h0wW
http://paperpile.com/b/6969Hm/h0wW
http://paperpile.com/b/6969Hm/h0wW
http://paperpile.com/b/6969Hm/97Jp
http://paperpile.com/b/6969Hm/97Jp
http://paperpile.com/b/6969Hm/97Jp
http://paperpile.com/b/6969Hm/97Jp
http://paperpile.com/b/6969Hm/97Jp
http://paperpile.com/b/6969Hm/97Jp
http://paperpile.com/b/6969Hm/97Jp
http://paperpile.com/b/6969Hm/Ejgc
http://paperpile.com/b/6969Hm/Ejgc
http://paperpile.com/b/6969Hm/Ejgc
http://paperpile.com/b/6969Hm/Ejgc
http://paperpile.com/b/6969Hm/Ejgc
http://paperpile.com/b/6969Hm/Ejgc
http://paperpile.com/b/6969Hm/7DSS
http://paperpile.com/b/6969Hm/7DSS
http://paperpile.com/b/6969Hm/7DSS
http://paperpile.com/b/6969Hm/7DSS
http://paperpile.com/b/6969Hm/7DSS
http://paperpile.com/b/6969Hm/7DSS
http://paperpile.com/b/6969Hm/7DSS
http://paperpile.com/b/6969Hm/7DSS
http://paperpile.com/b/6969Hm/choe
http://paperpile.com/b/6969Hm/choe
http://paperpile.com/b/6969Hm/choe
http://paperpile.com/b/6969Hm/choe
http://paperpile.com/b/6969Hm/choe
http://paperpile.com/b/6969Hm/choe
http://paperpile.com/b/6969Hm/So3H
http://paperpile.com/b/6969Hm/So3H
http://paperpile.com/b/6969Hm/So3H
http://paperpile.com/b/6969Hm/So3H
http://paperpile.com/b/6969Hm/So3H
http://paperpile.com/b/6969Hm/So3H
http://paperpile.com/b/6969Hm/wsZ4
http://paperpile.com/b/6969Hm/wsZ4
http://paperpile.com/b/6969Hm/wsZ4
http://paperpile.com/b/6969Hm/wsZ4
http://paperpile.com/b/6969Hm/wsZ4
http://paperpile.com/b/6969Hm/wsZ4
http://paperpile.com/b/6969Hm/wsZ4
http://paperpile.com/b/6969Hm/rAge
http://paperpile.com/b/6969Hm/rAge
http://paperpile.com/b/6969Hm/rAge
http://paperpile.com/b/6969Hm/rAge
http://paperpile.com/b/6969Hm/rAge
http://paperpile.com/b/6969Hm/rAge
http://paperpile.com/b/6969Hm/A0EZ
http://paperpile.com/b/6969Hm/A0EZ
http://paperpile.com/b/6969Hm/A0EZ
http://paperpile.com/b/6969Hm/GfBA
http://paperpile.com/b/6969Hm/GfBA
http://paperpile.com/b/6969Hm/GfBA
http://paperpile.com/b/6969Hm/GfBA
http://paperpile.com/b/6969Hm/GfBA
http://paperpile.com/b/6969Hm/GfBA
http://paperpile.com/b/6969Hm/GfBA
http://paperpile.com/b/6969Hm/uBXg
http://paperpile.com/b/6969Hm/uBXg
http://paperpile.com/b/6969Hm/uBXg
http://paperpile.com/b/6969Hm/uBXg
http://paperpile.com/b/6969Hm/uBXg
http://paperpile.com/b/6969Hm/uBXg
http://dx.doi.org/10.3390/microorganisms10050863
http://paperpile.com/b/6969Hm/LuFz
http://paperpile.com/b/6969Hm/LuFz
http://paperpile.com/b/6969Hm/LuFz
http://paperpile.com/b/6969Hm/LuFz
http://paperpile.com/b/6969Hm/LuFz
http://paperpile.com/b/6969Hm/LuFz
http://paperpile.com/b/6969Hm/LuFz
http://paperpile.com/b/6969Hm/MVo8
http://paperpile.com/b/6969Hm/MVo8
http://paperpile.com/b/6969Hm/MVo8
http://paperpile.com/b/6969Hm/MVo8
http://paperpile.com/b/6969Hm/MVo8
http://paperpile.com/b/6969Hm/MVo8
http://paperpile.com/b/6969Hm/hnYxw
http://paperpile.com/b/6969Hm/hnYxw
http://paperpile.com/b/6969Hm/hnYxw
http://paperpile.com/b/6969Hm/hnYxw
http://paperpile.com/b/6969Hm/hnYxw
http://paperpile.com/b/6969Hm/hnYxw
http://paperpile.com/b/6969Hm/ow4P
http://paperpile.com/b/6969Hm/ow4P
http://paperpile.com/b/6969Hm/ow4P
http://paperpile.com/b/6969Hm/ow4P
http://paperpile.com/b/6969Hm/ow4P
http://paperpile.com/b/6969Hm/ow4P


 

 

36 

 

Suplick K, Morrisey J, Vaidya AB. 1990. Complex transcription from the extrachromosomal DNA 984 
encoding mitochondrial functions of Plasmodium yoelii. Mol Cell Biol 10:6381–6388. 985 

Syafruddin D, Siregar JE, Marzuki S. 1999. Mutations in the cytochrome b gene of Plasmodium 986 
berghei conferring resistance to atovaquone. Mol Biochem Parasitol 104:185–194. 987 

Szabo EK, Finney CAM. 2017. Toxoplasma gondii: One Organism, Multiple Models. Trends Parasitol 988 
33:113–127. 989 

Tobiasson V, Berzina I, Amunts A. 2022. Structure of a mitochondrial ribosome with fragmented rRNA 990 
in complex with membrane-targeting elements. Nat Commun 13:6132. 991 

Vaidya AB, Lashgari MS, Pologe LG, Morrisey J. 1993. Structural features of Plasmodium cytochrome 992 
b that may underlie susceptibility to 8-aminoquinolines and hydroxynaphthoquinones. Mol 993 
Biochem Parasitol 58:33–42. 994 

van Dooren GG, Tomova C, Agrawal S, Humbel BM, Striepen B. 2008. Toxoplasma gondii Tic20 is 995 
essential for apicoplast protein import. Proc Natl Acad Sci U S A 105:13574–13579. 996 

van Dooren GG, Yeoh LM, Striepen B, McFadden GI. 2016. The Import of Proteins into the 997 
Mitochondrion of Toxoplasma gondii. J Biol Chem 291:19335–19350. 998 

Vercesi AE, Rodrigues CO, Uyemura SA, Zhong L, Moreno SN. 1998. Respiration and oxidative 999 
phosphorylation in the apicomplexan parasite Toxoplasma gondii. J Biol Chem 273:31040–31047. 1000 

Waltz F, Giegé P, Hashem Y. 2021a. Purification and Cryo-electron Microscopy Analysis of Plant 1001 
Mitochondrial Ribosomes. Bio Protoc 11:e4111. 1002 

Waltz F, Salinas-Giegé T, Englmeier R, Meichel H, Soufari H, Kuhn L, Pfeffer S, Förster F, Engel BD, 1003 
Giegé P, Drouard L, Hashem Y. 2021b. How to build a ribosome from RNA fragments in 1004 
Chlamydomonas mitochondria. Nat Commun 12:7176. 1005 

Wei W, Ba Z, Gao M, Wu Y, Ma Y, Amiard S, White CI, Rendtlew Danielsen JM, Yang Y-G, Qi Y. 1006 
2012. A role for small RNAs in DNA double-strand break repair. Cell 149:101–112. 1007 

 1008 
Figure Legends 1009 
 1010 

Figure 1: An experimental pipeline to enrich T. gondii mitochondrial RNAs. 1011 

A) T. gondii tachyzoites were harvested and incubated in a buffer with digitonin for plasma 1012 
membrane permeabilization. Subsequently, accessible nucleic acids were digested by benzonase. 1013 
After removal of the benzonase and washing the pellet, the intact organelles were lysed by a high 1014 
detergent buffer. Soluble nucleic acids were separated by centrifugation and extracted from the 1015 
supernatant. 1016 
B) T. gondii cells expressing a mitochondrial-targeted GFP were subjected to organelle 1017 
enrichment. GFP was tracked by immunoblotting (5% volume of each fraction was analyzed). The 1018 
GFP signal remained in the pellet and only shifted into the supernatant after the lysis step. In contrast, 1019 
much of the cytosolic HSP70 is removed during the procedure, indicating specific enrichment of 1020 
mitochondria. 1021 
C) RNA extracted from selected fractions of the organelle enrichment protocol was analyzed by 1022 
agarose gel electrophoresis. 1023 
D) RNA extracted from selected fractions of the organelle enrichment protocol was analyzed on a 1024 
denaturing 10% PAGE gel and blotted onto a nylon membrane. Radiolabeled DNA oligonucleotide 1025 
probes were used to detect the mitochondrial rRNA fragments SSUD (from the small subunit of the 1026 
ribosome) and LSUF (large subunit of the ribosome). Both fragments were found in pellet fractions 1027 
after digitonin treatment, where they were protected from benzonase digestion. They only shifted to 1028 
the supernatant after lysis. This demonstrates that the mitochondria stay intact during the procedure. 1029 
 1030 

Figure 2 Long-read sequencing shows a specific system of block combinations. 1031 

(A) ONT DNA sequencing results were analyzed for the number of block occurrences. The gray scale 1032 
indicates how many times each of the mitochondrial sequence blocks was found in the mitochondrial 1033 
ONT reads  1034 
(B) Map of the T. gondii mitochondrial genome representing block combinations occuring in 1035 
mitochondrial ONT reads. The thickness of the connecting lines indicates the absolute number of 1036 
occurrences for each combination. 1037 
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 1038 

Figure 3: Small RNA sequencing identifies mitochondrial small RNAs. 1039 

(A) Upper three rows: excerpt of mapping results in three strand-specific small RNA sequencing 1040 
replicates starting from total input RNA from our T. gondii organelle RNA preparation. Read depth was 1041 
counted by the number of reads at each position. Note that the 5’-ends of the RNAs shown here are 1042 
on the right. Lower four rows: only the terminal nucleotides of each read on the plus and minus strand 1043 
of the genome are shown. The size and position of genes below the coverage graphs are all drawn to 1044 
scale. Red bars with lowercase letters indicate positions of probes used for detecting RNAs in RNA gel 1045 
blot hybridizations shown in (B). 1046 
(B) Equal quantities of total input RNA from T. gondii and from organelle preparations were 1047 
loaded onto a denaturing PAGE gel and analyzed by RNA gel blot hybridization with the probes 1048 
indicated. 1049 

 1050 

Figure 4: Noncoding RNAs at block borders. 1051 

A) Schematic representation of three block borders that are used by different transcripts 1052 
(sequences used for two transcripts are marked by orange rectangles). Transcripts are shown as 1053 
wiggle lines and are named according to prior nomenclature (Namasivayam et al., 2021). Assignment 1054 
of transcripts to the large and the small rRNA are indicated by color. The red bars with the lower-case 1055 
letter “j” indicate the position of the probe used for detecting RNA1 and RNA2 by RNA gel blot 1056 
hybridization. LSU/SSU= large/small subunit of the ribosome. 1057 
B) RNA gel blot hybridization of RNA1 and RNA2 using RNA extracts from input and organelle-1058 
enriched fractions of the organelle enrichment protocol shown in Figure 1. Equal RNA amounts were 1059 
loaded. 1060 
C) Alignment of RNA1 (top) and RNA2 (bottom) sequences from different apicomplexan species. 1061 
Sequence excerpts from E. coli 23S rRNA (1240-1301 for RNA1, 944-1010 for RNA2) corresponding 1062 
to sections of the alignment were added manually based on previous analyses (Feagin et al. 2012). 1063 
Nucleotide positions conserved in all apicomplexans are shaded in gray. The residues in the P. 1064 
falciparum sequence suggested to replace sequence elements in the E. coli 23S rRNA structure 1065 
(Feagin et al., 2012) are marked in bold. Residues conserved between apicomplexans and E. coli are 1066 
marked with asterisks. Note that RNA1 and RNA2 are aligned according to their shared sequence in 1067 
genomic block Kp. 1068 
 1069 

Figure 5: Small RNAs that consist of coding and non-protein-coding sequences at block 1070 
borders. 1071 

A) Schematic representation of the genomic position of three RNAs that are partially antisense to 1072 
coding sequences. 1073 
B) Schematic representation of the genomic position of two RNAs that partially overlap with 1074 
coding sequences. 1075 
C) RNA gel blot hybridization of RNA34. Equal amounts of RNA extracts from input and 1076 
organelle-enriched fractions were analyzed.  1077 
D) RNA gel blot hybridization of RNA19 and RNA3 – for details see (C) 1078 
E) Alignment of T. gondii RNA19 with homologous sequences from other apicomplexan species 1079 
and from E. coli. 1080 
F) Alignment of a section of the coxIII and cob sequences from different apicomplexan species. 1081 
Alignments were prepared using Clustal Omega (https://www.ebi.ac.uk/Tools/msa/clustalo/). 1082 
Nucleotides of T. gondii RNA19 are marked in bold in both alignments and as a lilac wiggle line above 1083 
the sequences. The sequences are interrupted by indels in coxIII and cob of other apicomplexans that 1084 
have stand-alone RNA19 sequences (e.g. P. falciparum). Within the cob sequence, the RNA19 1085 
sequence covers an annotated start codon (Alday et al., 2017, yellow box; Namasivayam et al., 2021). 1086 
However, an alternative start codon downstream has been suggested as well (red box, McFadden et 1087 
al. 2000) and is in fact where sequence conservation starts. The green circle indicates the cob 5’ 1088 
transcript terminus as determined by RACE (see G). 1089 
G) Agarose gel analysis of 5’ RACE PCR products performed to identify the cob 5’ transcript end. 1090 
+RT and-RT indicates presence or absence of reverse transcriptase, respectively.  1091 
 1092 
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Figure 6: Sucrose density centrifugation analysis demonstrates the association of 1093 
mitochondrial small RNAs with large molecular weight complexes. 1094 
T. gondii organelle-enriched extracts were fractionated by sucrose density gradient centrifugation and 1095 
subsequently analyzed by RNA gel blot hybridization. Buffer conditions during the experiment were 1096 
either 30 mM MgCl2, 100 mM KCl (labeled Mg2+ next to the blots) or 10 mM EDTA, 300 mM KCl 1097 
(labeled EDTA next to the blots). (A) Prior to blotting, the gels were stained with ethidium bromide. 1098 
Atop the gel images, a schematic representation illustrates the sucrose density gradient. Subsequent 1099 
panels display a series of RNA gel blot hybridization assays. These assays were conducted on blots 1100 
derived from the two ethidium bromide-stained gels presented in (A). Following each probe, the blot 1101 
was stripped of its signal employing a denaturing buffer. The oligonucleotides in these assays targeted 1102 
LSUD/E (B), LSUF/G (C), SSUA (D), RNA1 + RNA2 (E), RNA3 (F), RNA19 (G), and RNA29 (H). 1103 
Percentages in square brackets encircling each blot indicate the proportion of signal detected in 1104 
fraction 7-9 or 6-9 for LSU or SSU sRNAs, respectively, versus signal intensity in fraction 10-14. “I” 1105 
corresponds to 10% of the lysate prior to gradient loading. The RNA names are color-coded to indicate 1106 
homology: deep purple for RNAs with homology to E. coli rRNA from the large ribosomal subunit, light 1107 
purple for those from the small subunit, and black for RNAs without previously noted homology. 1108 
 1109 

Figure 7: Sucrose density centrifugation analysis of mitochondrial mRNAs. 1110 

T. gondii organelle-enriched extracts treated with standard salt concentrations or with an Mg2+-1111 
depleted buffer, respectively, were fractionated by sucrose density gradient centrifugation and 1112 
subsequently analyzed by RT-qPCR. Data was normalized using human ESR1 as an external spike-in 1113 
control. Relative quantities per amplicon are visualized as percentage of RNA per fraction. All three 1114 
mRNAs (shown in panel B-D) and one LSU rRNA fragment serving as a control (LSUF/G shown in 1115 
panel A) were analyzed from a single sucrose gradient fractionation. The gradient density is shown 1116 
schematically below the graphs.  1117 
 1118 

Figure 8: Analysis of the putative mitoribosomal protein L11. 1119 

(A) T. gondii parasites expressing TguL11m:HA were subjected to immunofluorescence assays. 1120 
These assays were conducted using an anti-HA antibody, visualized in the green channel. The 1121 
mitochondria within these samples were identified using an antibody against the outer membrane 1122 
protein Tom40, shown in the magenta channel. (B) For the analysis of HA-tagged mitochondrial 1123 
ribosomal protein L11 (TguL11m:HA), sucrose density centrifugation was employed. Organelle-1124 
enriched extracts from T. gondii lines were either untreated (Mg2+) or treated with EDTA. 1125 
Subsequently, these extracts were fractionated via a sucrose gradient. The fractions obtained were 1126 
analyzed using SDS-PAGE, followed by immunoblot analysis. TguL11m:HA was detected using an 1127 
antibody against HA. Percentages in square brackets show the proportion of signal detected in 1128 
fraction 7-9 versus signal intensity in fraction 10-14. 'I' indicates 10% of the input material for the 1129 
centrifugation. 1130 

 1131 
Supplementary Figure Legends 1132 
 1133 
Figure 2-figure supplement 1: Counting of T. gondii mitochondrial sequence block 1134 
organization.  1135 

Mitochondrial sequence blocks [1] were annotated on T. gondii mitochondrial ONT reads with at least 1136 
75% similarity. The annotations and their respective directionality were extracted and all two-block 1137 
combinations, separated by less than 10 bases, were quantified using a custom R script. Pairs 1138 
occurring less than 50 times were identified as false-positives and consequently removed from the 1139 
figure.  1140 
(A) Unordered heatmap of two-block combinations. 'Head-to-tail' denotes that the 3' end of the first 1141 
block is followed by the 5' end of the second block, while 'head-to-head' indicates that the 3' end of the 1142 
first block is followed by the 3' end of the second block. 'Tail-to-tail' indicates a proximity of 5' ends. 1143 
(B) Block frequencies for all blocks neighbored by at least three other blocks. The colors represent the 1144 
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absolute number of respective neighbors, while the relative number of identified 5' and 3' neighbors is 1145 
presented in percentage values. Asterisks are used to highlight opposing annotated directionalities.  1146 

Figure 2-figure supplement 2: Proposed changes to the sequence blocks previously annotated 1147 
by Namasivayam et al. 2021 [1].  1148 

Upper panel and lower panel left side: the blocks Kp, Mp, and Fp (p for partial) were previously 1149 
defined as truncated versions of K, M and F [1]. However, the blocks Fp, Kp, and Mp frequently occur 1150 
separately in the mitochondrial genome. We therefore treated Fp, Kp and Mp as separate blocks and 1151 
have shortened the blocks F, K and M accordingly. This leads to a more consistent block definition 1152 
without overlapping blocks and was important for our quantification of block combinations (Fig. S1). 1153 
The sequence of block Mp was merged with block B since block B did not appear as an independent 1154 
block in our block combination analysis (Fig S1, Tab S4). Lower panel right: The blocks C and H 1155 
terminate with a short duplication of the coxI coding sequence. We propose to add this sequence to 1156 
block Q, which is in all cases following C and H, respectively. 1157 

Figure 1-figure supplement 1: sRNA sequence coverage of an 18S rRNA gene.  1158 

Mapping of reads from input and enriched sRNA libraries to an 18S rRNA gene demonstrates that the 1159 
enriched libraries have a much higher coverage than input libraries. This suggests that the enrichment 1160 
procedure generates cytosolic rRNA fragments that are co-purified, for example from partially 1161 
digested, ER-membrane bound ribosomes. This pattern was observed for all cytosolic rRNAs (not 1162 
shown). Since the benzonase does not degrade the cytosolic components entirely but creates a large 1163 
number of smaller fragments, more reads for cytosolic rRNA were eventually found in the enriched 1164 
RNA library than in the input library. 1165 

Figure 3-figure supplement 1: Detection of LSUD/E and LSUF/G transcripts.  1166 

(A) RNA gel blot hybridization of LSUE (left) and LSUD (right), which are located side-by-side on block 1167 
H. LSUE and LSUD were both detected at a size of 300 nt with a much stronger signal in the 1168 
organellar enriched RNA fraction than in the total input RNA. This length corresponds to a co-1169 
transcript of LSUE and LSUD. Signals for smaller RNAs were detected (probe d= ~200 nt, probe e = 1170 
100 nt), but to a much lesser extent than the longest fragment. Bottom: Schematic representation of 1171 
the position of the LSUE (LE) and LSUD (LD) transcripts (light coloured wiggle lines) and the single 1172 
LD/E transcript (dark colored wiggle line) relative to genomic block H. Green wiggle-line: end of coxIII 1173 
transcript. Red bars with lower case letters indicate positions of probes used for detecting RNAs in 1174 
RNA gel blot hybridizations.  1175 
(B) Same as in (A), but for the LSUF and LSUG RNAs. LSUF and LSUG were detected at a size of 1176 
about 240 nt again with a much stronger signal in the organellar enriched RNA fraction and negligible 1177 
amounts of smaller RNAs. 1178 

Figure 3-figure supplement 2: Overview of non-coding RNAs identified in T. gondii 1179 
mitochondria.  1180 

(A) Schematic representation of the position of all non-coding transcripts in the T. gondii genome. 1181 
Transcripts are shown as wiggle lines and are named according to prior nomenclature [2]. Assignment 1182 
of transcripts to the large and the small rRNA are indicated by color. Red bars with lower case letters 1183 
indicate positions of probes used for detecting RNAs in RNA gel blot hybridizations in (B). L/S = 1184 
LSU/SSU = large/small subunit of the ribosome.  1185 
(B) RNA gel blot hybridization of RNA6 and RNA7 using RNA extracts from input and organelle 1186 
enriched fractions of the organelle enrichment protocol shown in Fig. 1.  1187 

Figure 3-figure supplement 3: Mapping of small RNAs onto exemplary ONT sequencing reads.  1188 

ONT sequencing reads are drawn to scale with block annotations indicated by a color code. Numbers 1189 
below reads are unique identifiers in the published sequence read archive (acc. no PRJNA978626 at 1190 
SRA). The blocks are shown as arrows to indicate the direction of blocks as previously defined [1]. 1191 
Sequence blocks located on the ends of reads are incomplete. sRNAs are shown above and below 1192 
the ONT depending to which strand they belong. According to their homology to rRNAs they are 1193 
assigned either to the small (SSU) or the large (LSU) subunit, which is indicated by arrow color. 1194 
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Potential full-length mRNAs for the three reading frames are shown as well. Please note that the non-1195 
coding sequence blocks are almost fully covered by small RNA species and that full-length mRNAs 1196 
can be produced from multiple locations. 1197 

Figure 5-figure supplement 1: Alignment of RNA3 sequences from different apicomplexan 1198 
species.  1199 

Alignment of apicomplexan RNA3 sequences using Clustal Omega 1200 
(https://www.ebi.ac.uk/Tools/msa/clustalo/). Sequence excerpts from E. coli corresponding to sections 1201 
of the alignment were added manually based on previous analyses [2]. Nucleotide positions 1202 
conserved in all apicomplexans are shaded in gray. The residues in the P. falciparum sequence 1203 
suggested to replace sequence elements in the E. coli 23S rRNA structure [2] are marked in bold. 1204 
Residues conserved between apicomplexans and E. coli are marked with asterisks. 1205 

Figure 6-figure supplement 1: Migration patterns of mitochondrial sRNAs in sucrose density 1206 
gradients under Mg2+-depleted conditions 1207 

The distribution of different small RNAs in sucrose density gradients, conducted in absence of Mg2+ 1208 
and presence of 10 mM EDTA, was analysed by RNA gel blot hybridizations (Fig 6). Signals were 1209 
quantified and visualized for each small RNA as percentage of RNA per fraction. Small RNAs 1210 
assigned to the ribosomal SSU are visualized in orange hues, while those allocated to the ribosomal 1211 
LSU are shown in lilac shades. Signals for SSU rRNAs start in fraction 6 and peak in fraction 7 1212 
whereas LSU signals start in fraction 7 and peak in fraction 8 and 9. 1213 

Figure 8-figure supplement 1: Generation of a tagged ri bosomal protein TgRH-uL11mHA. 1214 

(A) The 3’ replacement sequence consists of homologous regions to the gene of interest, here TgRH-1215 
uL11mHA, and includes the HA-tag in frame with the reading frame at the native locus as well as the 1216 
dhfr marker gene. This is introduced via homologous recombination induced by a CRISPR/Cas-1217 
mediated double-stranded break in the target sequence to yield the modified locus. (B) A PCR using 1218 
primers P1 and P2 (see A) on the parental strain TgRH and the modified strain TgRH-uL11mHA 1219 
demonstrates successful modification of the target locus. (C) An immunoblot analysis of TgRH-1220 
uL11m:HA-expressing parasites and parental strain TgRH parasites was performed using an anti-HA 1221 
antibody and as a loading control, an anti-Tom40 antibody. 1222 

 1223 

Supplementary Tables legends 1224 
 1225 
Supplementary file 1: ONT sequencing mapping statistics on nuclear and organellar genomes 1226 

Supplementary file 2: Read length distribution of T. gondii mitochondrial ONT reads. 1227 

Supplementary file 3: Mitochondrial sequence block frequencies in ONT DNA sequencing data. 1228 

Supplementary file 4: Sequence block combinations identified in T. gondii mitochondrial ONT 1229 
reads using a custom R script. 1230 
Combinations that were found less than 50-times are considered false-positives and shown in grey.  1231 

Supplementary file 5: Fraction of reads containing full-length open reading frames.  1232 

Supplementary file 6: Mapping statistics of the RNA-seq data on the different 1233 
genomes/sequence blocks. After filtering the raw reads against the nuclear rRNA genes, the 1234 
remaining reads were mapped against the three subgenomes of T. gondii RH-88. 1235 

Supplementary file 7: List of mitochondrial non-coding RNAs identified by sRNA sequencing. 1236 

Supplementary file 8: Overview of mitochondrial non-coding RNAs identified in P. falciparum 1237 

Supplementary file 9: List of oligonucleotides used in this study 1238 

 1239 
Source data legends 1240 
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Figure 1-source data 1 1241 
Raw gel and blot images. 1242 

Uncropped blots and gels accompanied by images indicating the areas shown in Figure 1B-1243 
D with a red rectangle. In addition, raw scan images are provided. If the scan contains 1244 
multiple blots, the position of the blot of interest is indicated in the file name. Additionally, for 1245 
immunoblots light image overlays depicting the membrane outline are provided. 1246 

 1247 

Figure 3-source data 1 1248 
Raw blot images. 1249 

Uncropped blots accompanied by images indicating the areas shown in Figure 3B with a red 1250 
rectangle. In addition, raw scan images are provided. If the scan contains multiple blots, the 1251 
position of the blot of interest is indicated in the file name.  1252 

 1253 

Figure 3-figure supplement 1-source data 1 1254 
Raw blot images. 1255 

Uncropped blots accompanied by images indicating the areas shown in Figure 3-figure 1256 
supplement 1A-B with a red rectangle. In addition, raw scan images are provided. If the scan 1257 
contains multiple blots, the position of the blot of interest is indicated in the file name.  1258 

 1259 

Figure 3-figure supplement 2-source data 1 1260 
Raw blot images. 1261 

Uncropped blots accompanied by images indicating the areas shown in Figure 3- figure 1262 
supplement 2B with a red rectangle. In addition, raw scan images are provided. If the scan 1263 
contains multiple blots, the position of the blot of interest is indicated in the file name.  1264 

 1265 

Figure 4-source data 1 1266 
Raw blot images. 1267 

Uncropped blot accompanied by an image indicating the areas shown in Figure 4B with a red 1268 
rectangle. In addition, the raw scan image is provided with the position of the blot of interest 1269 
being indicated in the file name.  1270 

 1271 

Figure 5-source data 1 1272 
Raw gel and blot images. 1273 

Uncropped blots and gels accompanied by images indicating the areas shown in Figure 1274 
5C,D and -G with a red rectangle. In addition, raw scan images are provided.  1275 

 1276 

 1277 

 1278 
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Figure 6-source data 1 1279 
Raw blot images. 1280 

Uncropped blots accompanied by images indicating the areas shown in Figure 6A-D with a 1281 
red rectangle. In addition, raw scan images are provided. If the scan contains multiple blots, 1282 
the position of the blot of interest is indicated in the file name.  1283 

 1284 

Figure 6-source data 2 1285 
Raw blot images. 1286 

Uncropped blots accompanied by images indicating the areas shown in Figure 6E-H with a 1287 
red rectangle. In addition, raw scan images are provided. If the scan contains multiple blots, 1288 
the position of the blot of interest is indicated in the file name.  1289 
 1290 

Figure 8-source data 1 1291 
Raw blot images. 1292 

Uncropped immunoblots accompanied by images indicating the areas shown in Figure 8B 1293 
with a red rectangle. In addition, raw scan images and light image overlays depicting the 1294 
membrane outline are provided. 1295 

 1296 

Figure 8-figure supplement 1-source data 1 1297 
Raw gel and blot images. 1298 

Uncropped blots and gels accompanied by images indicating the areas shown in Figure 8-1299 
figure supplement 1B-C with a red rectangle. In addition, raw scan images are provided. 1300 
Additionally, for immunoblots light image overlays depicting the membrane outline are 1301 
provided. 1302 

 1303 
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 ****  ** *      ******** * *      
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TCCTATTTCCTAGTACCATTAGTGAACTCATTTGGTCTGATCCTAAGTACGCAGTGAGCTAAATAGATACAAGGAACTTGACAAGCATTAC  91
-CCTATTTCCTAGTACCATTAGTGAACTCTTTTGGTCTGATCCTAAGTACGCAGTGAGCTAACTAGATACAAGGAACTTGACAAGCATTAC  90
----------TTTAACCATACATGAGATCGC-TTATCTGGACCAATAGAAGCTGTGAGATAACTACATTAAAGGAACTTGACAGGCAAT--  78
----------TATTA CC ATACAAGA ATCGCGTACTTTGGACCGAATAAAGCTGTGAGGAAACTACATTAAAGGAACTCGACTGGCCTACA  81
--------------ACCATTTTGCAATCATA-TTTGAAATATATTTCTATACTGTGAGTTAAATTTAGTGAAGGAACTTGACAGGTACAA-  75
--------------ACCATTGTTGAAATCAC-GTTAAAATATATTTCTATACTGTGAGAGAAATTTAGTGAAGGAACTTGACAGGTATAA-  75
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