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ABSTRACT 22 

Ciliates contain two kinds of nuclei: the germline micronucleus (MIC) 23 

and the somatic macronucleus (MAC) in a single cell. The MAC usually 24 

have fragmented chromosomes. These fragmented chromosomes, 25 

capped with telomeres at both ends, could be gene size to several 26 

megabases in length among different ciliate species. So far, no 27 

telomere-to-telomere assembly of entire MAC genome in ciliate species is 28 

finished. Development of the third generation sequencing technologies 29 

allows to generate sequencing reads up to megabases in length that 30 

could possibly span an entire MAC chromosome. Taking advantage of 31 

ultra-long Nanopore reads, we established a simple strategy for the 32 

complete assembly of ciliate MAC genomes. Using this strategy, we 33 

assembled the complete MAC genomes of two ciliate species 34 

Tetrahymena thermophila and Tetrahymena shanghaiensis, composed of 35 

181 and 214 chromosomes telomere-to-telomere respectively. The 36 

established strategy as well as the high-quality genome data will provide 37 

a useful approach for ciliate genome assembly, and a valuable 38 

community resource for further biological, evolutionary and population 39 

genomic studies. 40 

 41 

 42 
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Introduction 43 

Ciliate separates its germline and somatic genetic information by 44 

maintaining two kinds of functionally distinct nuclei: the diploid 45 

micronucleus (MIC), and the polyploid macronucleus (MAC) (Gorovsky, 46 

1973; Lynn, 2008). The MIC, like other eukaryotes, usually contains long 47 

chromosomes with centromeres and capped by telomeres. In general, the 48 

MAC genome comes from the MIC genome through a so-called MAC 49 

differentiation process in the sexual stage (conjugation) of ciliate (Orias, 50 

2000). In MAC differentiation, the MIC-like chromosomes are fragmented 51 

into small pieces at the chromosome breakage sites (CBSs), and the 52 

internal eliminated sequences (IESs), which contain transposable 53 

elements, are removed (Orias, 2000). This process finally results in the 54 

MAC containing fragmented chromosomes with length range from gene 55 

size to several megabases, and capped by telomere sequences at both 56 

ends but without centromeres. 57 

 Development of the third generation sequencing technologies, e.g. 58 

the Nanopore sequencing, allows to generate sequencing reads up to 59 

megabases in length (Jain et al., 2018), and thus could sometimes 60 

sequence an entire MAC chromosome of ciliate by a single read. The 61 

generation of such long sequencing reads gives the opportunity to 62 

assemble more complete MAC genomes of ciliates. 63 
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Here, we reported a simple strategy which was used to assemble the 64 

complete genome of T. thermophila and T. shanghaiensis using high 65 

coverage Nanopore sequencing data.  66 

 67 

 68 

Materials and Methods 69 

Cell culture and DNA extraction 70 

T. thermophila SB210 and T. shanghaiensis (ATCC accession: 71 

205039) cells were grown in SPP medium (Cassidy-Hanley, 2012) and 72 

harvested at a density of 250,000 cells/ml. The total DNA was extracted 73 

using the Blood & Cell Culture DNA Midi Kit (Q13343, Qiagen, CA, USA) 74 

following the manufacturer's protocol. The DNA was then purified using 75 

the Agencourt AMPure XP beads (A63881, BECKMAN), and the DNA 76 

quality and quantity was tested using both NanoDrop One UV-Vis 77 

spectrophotometer (Thermo Fisher Scientific, USA) and Qubit 3.0 78 

Fluorometer (Invitrogen, USA). 79 

 80 

Nanopore sequencing 81 

Approximately 10 µg of DNA was size-selected (10-50 Kb) using Blue 82 

Pippin (Sage Science, Beverly, MA), and sequencing library was 83 

constructed using the Ligation sequencing 1D kit (SQK-LSK108, ONT, UK) 84 
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according to the manufacturer’s instructions. Each library was sequenced 85 

on R9.4 FlowCells using the PromethION sequencer (ONT, UK) for 48 86 

hours. Base calling was subsequently performed on fast5 files using the 87 

ONT Albacore software (v0.8.4), and the “passed filter” reads (high 88 

quality data) were used for downstream analysis. 89 

  90 

Genome assembling and polishing 91 

 Genome assembling was performed using 60X Nanopore datasets. 92 

Assemblers, including CANU (Koren et al., 2017), NECAT 93 

(https://github.com/xiaochuanle/NECAT), SHASTA 94 

(https://github.com/chanzuckerberg/shasta), Flye (Kolmogorov, Yuan, Lin, 95 

& Pevzner, 2019), and wtdbg2 (Ruan & Li, 2019), were used. The 96 

parameters for the assemblers are listed as follows: 1) CANU, -fast 97 

genomeSize=100m; 2) NECAT, GENOME_SIZE=100000000 98 

MIN_READ_LENGTH=3000; 3) SHASTA, default settings; 4) Flye, -g 99 

100m; 5) wtdbg2, default settings. The performance of CANU and NECAT 100 

far better than three other assemblers in assembling the MAC 101 

chromosomes capped with telomere sequences in both ends. Comparing 102 

to CANU, the time cost of NECAT was far less than CANU, and thus 103 

NECAT was recommended. Quickmerge 104 

(https://github.com/mahulchak/quickmerge) was used to merge the 105 
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un-closed scaffolds to the 60X genome assemblies (command line: 106 

merge_wrapper.py un-closed_scaffolds 60X_assembly). After each round 107 

of merging, the closed scaffolds (MAC chromosomes) were extracted, 108 

and the left un-closed scaffolds were used to perform the next round of 109 

merging. After that, an addition round of merging between the un-closed 110 

scaffolds and error corrected telomere-sequences-containing reads was 111 

performed using miniasm (-1 -2 -c 1) (Li, 2016). Final genome polishing 112 

was performed based on the Illumina sequencing data using Pilon 113 

(https://github.com/broadinstitute/pilon). 114 

 115 

 116 

Results and Discussion 117 

T. thermophila is a very useful unicellular model organism for 118 

molecular and cellular biology (Ruehle, Orias, & Pearson, 2016). In 2006, 119 

the MAC genome of T. thermophila has been sequenced using the 120 

Sanger method (Coyne et al., 2008; Eisen et al., 2006), which greatly 121 

accelerated the studies using Tetrahymena system. The current MAC 122 

genome assembly (103.0 Mb, 123 

http://ciliate.org/index.php/home/downloads) of T. thermophila has 1158 124 

scaffolds, among which 128 (~58.9 Mb) were capped by telomeres with 125 

C4A2 repeats at 5’-end and G4T2 repeats at 3’-end (hereafter defined as 126 
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closed scaffolds) and could be regarded as complete MAC chromosomes. 127 

However, about a half of genome sequences, composed of 1030 128 

scaffolds, are still not assembled as complete MAC chromosomes 129 

(hereafter defined as un-closed scaffolds). 130 

About 1000X Nanopore sequencing data (total DNA of both MAC and 131 

MIC, reads N50: 25.8 Kb) were obtained to finish the MAC genome 132 

assembly. Comparison of different third-generation sequencing data 133 

assemblers，including CANU, NECAT, SHASTA, Flye and wtdbg2, were 134 

performed. In practice, CANU and NECAT showed better performance on 135 

assembling closed scaffolds compared to other assemblers. We divided 136 

the ~1000X Nanopore data into different parts, each with ~60X data, and 137 

individually assembled them (Figure 1). We have two reasons to do this 138 

division: 1) The MIC reads (contaminations) could be limited below 3X 139 

(the copy number ratio between MAC and MIC is 45:2), which will usually 140 

be  filtered by  genome assemblers (Jain et al., 2018); 2) At 60X 141 

coverage, CANU and NECAT already have good assembling 142 

performance and the time cost of assembling could be greatly reduced. 143 

We started from the 1158 scaffolds in current genome assembly of T. 144 

thermophila (Figure 1), and divided these scaffolds into two parts: 1) 128 145 

closed scaffolds which assembled as complete MAC chromosomes; 2) 146 

1030 un-closed scaffolds which have not been assembled as MAC 147 
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chromosomes. For the 128 closed scaffolds, three of them still have gaps 148 

(one per each). These gaps were easily closed by aligning the three 149 

scaffolds to the 60X Nanopore data assemblies. The left 1030 un-closed 150 

scaffolds were iteratively merged with each assembled genome using 151 

60X Nanopore data (Figure 1). After six rounds of merging using 152 

quickmerge, 34 closed scaffolds were newly obtained. After that, we 153 

extracted the 256,181 raw telomere-sequence-containing reads (TSCR, 154 

reads N50, 28.5 Kb) from Nanopore data (Figure 1), and sequencing 155 

errors were corrected using NECAT. These error corrected TSCR were 156 

aligned to the left scaffolds using minimap2, and followed by a new round 157 

of assembly using miniasm (Figure 1), and additional 12 scaffolds with 158 

telomere sequences capped at both ends were obtained, and only six 159 

scaffolds (3.3 Mb) could not be resolved. To close these six scaffolds, we 160 

manually checked the overlaps between TSCR and these scaffolds 161 

(Figure 1), and all of them were closed by trimming their terminal 162 

sequences and re-merging with TSCR. 163 

In summary, the complete MAC genome (102.9 Mb) with a total of 181 164 

MAC chromosomes (including rDNA mini-chromosome) were obtained. 165 

These MAC chromosomes were re-named from 1 to 181 by their order 166 

along the five MIC chromosomes. Figure 2 showed the full panel of the 167 

181 MAC chromosomes. The longest MAC chromosome is 3.26 Mb in 168 
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length, and the shortest one (excluding rDNA mini-chromosome) is 38 Kb 169 

in length. The real N50 of the MAC genome is ~891 Kb. A total of 22 170 

classes of repetitive sequences, which masked 5.2% MAC genome, were 171 

identified by RepeatModeler. The repetitive sequences in the MAC are 172 

not randomly distributed, most of them are enriched in the MAC 173 

chromosomes and derived from the pericentromeric and subtelomeric 174 

regions of MIC chromosomes (Hamilton et al., 2016; Xiong et al., 2019). 175 

In particular, we also found some new genes which missed in the current 176 

genome assembly, for example, the alpha 2 subunit of the proteasome. 177 

To test the applicability of this strategy, we generated ~900X 178 

Nanopore sequencing data (reads N50: 30.8 Kb) of T. shanghaiensis. 179 

Instead using pre-existed assembly, we started from a 60X de novo 180 

assembly by NECAT, and then followed the strategy showing in Figure 1. 181 

After eight rounds of merging using quickmerge and a round of assembly 182 

using miniasm, and followed by additional manual checking, we finally got 183 

the complete genome of T. shanghaiensis with 214 MAC chromosomes 184 

(92.0 Mb) which capped with telomere sequences at both ends. Genome 185 

assembly statistics of the two Tetrahymena species are shown in Table 1. 186 

We anticipate that the established strategy can probably be used directly 187 

or with a slight adaptation to assemble complete MAC genomes of other 188 

ciliate species. 189 
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 284 

 285 

Figure legends 286 

 287 

Figure 1. Diagram showing the strategy to assemble complete MAC 288 

genome of ciliate. M1 to Mn, the un-closed scaffolds in each round (1 to 289 

n) which do not have telomere sequences in both ends. M_miniasm 290 

means the un-closed scaffolds after merging using miniasm. C1 to Cn, 291 

the closed scaffolds (MAC chromosomes) in each round (1 to n) which 292 

have telomere sequences in both ends. C_miniasm means the closed 293 

scaffolds (MAC chromosomes) after merging using miniasm. C_manual 294 

means the closed scaffolds after the manual checking of overlaps 295 

between TSCR and un-closed scaffolds (trimmed). 296 

 297 

Figure 2. A full panel of 181 MAC chromosomes of T. thermophila. 298 

For each MAC chromosome, the pink boxes represents the predicted 299 

genes; the red boxes represent all the genes that have been named in 300 

TGD wiki (http://ciliate.org/); the blue histogram represents the gene 301 

expression profile across the chromosome in vegetative growth (Xiong et 302 

al., 2012).  303 

 304 

 305 
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 306 

 307 

 308 

Table 1. Genome assembly statistics of T. thermophila and T. 309 

shanghaiensis 310 

 Assembly in this study Current assembly 

 T. thermophila T. shanghaiensis T. thermophila† T. shanghaiensis‡ 

Assembly size (Mb) 102.9 92.0 103.0 95.6 

Number of scaffolds 181 214 1,158 2,660 

Closed Scaffolds§ 181 214 128 31 

Scaffold N50 (Kb) 891.3 620.0 520.9 153.6 

Longest scaffold size (Mb) 3.26 1.98 2.22 0.79 

Mean scaffold size (Kb) 568.5 430.0 89.0 36.0 

“N” gaps (Kb) ¶ 0 0 63.7 90.0 

 
311 

†Genome data from website: http://ciliate.org/index.php/home/downloads 
312 

‡Genome data from (Xiong et al., 2019) 313 

§Scaffolds capped with telomeres at both ends 314 

¶Sum of all “N” nucleotides present in the genome assembly 315 

 316 
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