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Ciliates contain two kinds of nuclei: the germline micronucleus (MIC) and the somatic macronucleus
(MAC) in a single cell. The MAC usually have fragmented chromosomes. These fragmented chromosomes,
capped with telomeres at both ends, could be gene size to several megabases in length among different
ciliate species. So far, no telomere-to-telomere assembly of entire MAC genome in ciliate species has been
finished. Development of the third generation sequencing technologies allows to generate sequencing
reads up to megabases in length that could possibly span an entire MAC chromosome. Taking advantage
of the ultra-long Nanopore reads, we established a simple strategy for the complete assembly of ciliate
MAC genomes. Using this strategy, we assembled the complete MAC genomes of two ciliate species
Tetrahymena thermophila and Tetrahymena shanghaiensis, composed of 181 and 214 chromosomes
telomere-to-telomere respectively. The established strategy as well as the high-quality genome data will
provide a useful approach for ciliate genome assembly, and a valuable community resource for further
biological, evolutionary and population genomic studies.
� 2021 The Author(s). Published by Elsevier B.V. on behalf of Research Network of Computational and
Structural Biotechnology. This is an open access article under the CC BY-NC-ND license (http://creative-

commons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Ciliate separates its germline and somatic genetic information
by maintaining two kinds of functionally distinct nuclei: the
diploid micronucleus (MIC), and the polyploid macronucleus
(MAC) [1,2]. The MIC, like other eukaryotes, contains long chromo-
somes with centromeres and capped by telomeres. In general, the
MAC genome comes from the MIC genome through a MAC differ-
entiation process in the sexual stage (conjugation) of ciliate [3].
During MAC differentiation, the MIC-like chromosomes are frag-
mented into small pieces at the chromosome breakage sites, and
the internal eliminated sequences, which often contain transpos-
able elements, are removed [3]. This process finally results in the
MAC containing fragmented chromosomes with length range from
gene size to several megabases, and capped by telomere sequences
at both ends but without centromeres.
Development of the third generation sequencing technologies,
e.g. the Nanopore sequencing, allows to generate sequencing reads
up to megabases in length [4], and thus could sometimes sequence
an entire MAC chromosome of ciliate by a single read. The genera-
tion of such long sequencing reads gives the opportunity to assem-
ble complete MAC genomes of ciliates.

Here, we reported a simple strategy which was used to assem-
ble the complete genome of Tetrahymena thermophila and Tetrahy-
mena shanghaiensis using high coverage Nanopore sequencing
data. The established strategy and genomic data presented in this
study will be highly valuable for ciliate research community.
2. Materials and methods

2.1. Cell culture and DNA extraction

T. thermophila SB210 and T. shanghaiensis (ATCC accession:
205039) cells were grown in SPP medium [5] and harvested at a
density of 250,000 cells/ml. The total DNA was extracted using
the Blood & Cell Culture DNA Midi Kit (Q13343, Qiagen, CA, USA)
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following the manufacturer’s protocol. The DNA was then purified
using the Agencourt AMPure XP beads (A63881, BECKMAN), and
the DNA quality and quantity were tested using both NanoDrop
One UV–Vis spectrophotometer (Thermo Fisher Scientific, USA)
and Qubit 3.0 Fluorometer (Invitrogen, USA).
2.2. Nanopore sequencing

Approximately 10 mg of DNA was size-selected (10–50 Kb) using
Blue Pippin (Sage Science, Beverly, MA), and sequencing libraries
were constructed using the Ligation sequencing 1D kit (SQK-
LSK108, ONT, UK) according to the manufacturer’s instructions.
Each library was sequenced on R9.4 FlowCells using the Pro-
methION sequencer (ONT, UK) for 48 h at the Genome Center of
Nextomics (Wuhan, Hubei, China). Base calling was subsequently
performed on fast5 files using the ONT Guppy software (v1.8),
and the ‘‘passed filter” reads (high quality data) were used for
downstream analysis.
2.3. Next generation sequencing

We used Illumina short reads to polish the assembly of Nano-
pore reads. To this end, DNA libraries were prepared using a TruSeq
Nano DNA Library Prep Kit (Illumina, San Diego, CA) according to
the manufacturer’s protocol. To assist gene prediction, total RNA
was extracted from cells in growth and starvation conditions using
an RNeasy Protect Cell Mini Kit (Qiagen, Valencia, CA, USA), as
described in the Tetrahymena Functional Genomics Database
[6,7]. DNA and RNA libraries were then sequenced with paired-
end reads on a HiSeq 2000 or HiSeq 4000 instrument (Illumina,
San Diego, CA).
2.4. Genome assembling and polishing

Genome assembling was performed using 60X Nanopore data-
sets (Fig. 1). Assemblers, including CANU [8], NECAT (https://
github.com/xiaochuanle/NECAT), SHASTA (https://github.com/
chanzuckerberg/shasta), Flye [9], and wtdbg2 [10], were used.
The parameters for the assemblers are listed as follows: 1) CANU,
-fast genomeSize = 100 m; 2) NECAT, GENOME_SIZE = 100,000,00
0 MIN_READ_LENGTH = 3000; 3) SHASTA, default settings; 4) Flye,
-g 100 m; 5) wtdbg2, default settings. The performance of CANU
and NECAT are far better than the other three assemblers in assem-
bling the MAC chromosomes capped with telomere sequences at
both ends. Comparing to CANU, the time cost of NECAT was far less
than CANU, and thus NECAT was recommended. Quickmerge
(https://github.com/mahulchak/quickmerge) was used to merge
the un-closed scaffolds to the 60X genome assemblies (command
line: merge_wrapper.py un-closed_scaffolds 60X_assembly). After
each round of merging, the closed scaffolds (MAC chromosomes)
were extracted, and the left un-closed scaffolds were used to per-
form the next round of merging. After that, an additional round of
merging between the un-closed scaffolds and error corrected
telomere-sequences-containing reads was performed using mini-
asm (-1-2 -c 1) [11]. Final genome polishing was performed based
on the Illumina sequencing data using Pilon (https://github.com/
broadinstitute/pilon). The base-level accuracy and completeness
of the assembled genomes were assessed by Merqury [12]. Base
accuracy was measured using k = 18, and the completeness value
was estimated by calculating the fraction of reliable k-mers (ge-
nomic substrings of length k) in Illumina reads that were also
found in the assembly.
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2.5. Gene prediction and repeat analysis

Protein-coding gene models were predicted following our pre-
viously established pipeline [13] that combines de novo and
homology-based methods as well as RNA sequencing (RNA-Seq)
data. Briefly, assembled RNA-Seq data were used to generate train-
ing gene sets for ab initio gene predictions and were also incorpo-
rated as cDNA evidence. Evidence Modeler was used to generate a
set of gene models combining evidences from all gene prediction
programs. Final predicted gene sets were generated after a few
manual corrections. Repeat consensus sequences were de novo
identified and annotated using RepeatModeler (http://www.re-
peatmasker.org/RepeatModeler/) with default settings, and the
output consensus sequence library of RepeatModeler was used to
mask the genomes using RepeatMasker (-div 20).
2.6. Data availability

The complete genome sequences and gene annotation files of T.
thermophila and T. shanghaiensis can be accessed from Tetrahymena
Comparative Genomics Database [14]. The raw sequence data have
been deposited in the Genome Sequence Archive in National Geno-
mics Data Center, China National Center for Bioinformation under
accession number CRA003720 and the NCBI Gene Expression
Omnibus under accession number GSE27971.
3. Results and discussion

T. thermophila is a very useful unicellular model organism for
molecular and cellular biology [15]. In 2006, the MAC genome of
T. thermophila has been sequenced using the Sanger method
[16,17], which greatly accelerated the studies using Tetrahymena
system. The current MAC genome assembly (103.0 Mb, http://cili-
ate.org/index.php/home/downloads) of T. thermophila has 1158
scaffolds, among which 128 (~58.9 Mb) were capped by telomeres
with (CCCCAA)n repeats at 50-end and (GGGGTT)n repeats at 30-end
(hereafter defined as closed scaffolds) and could be regarded as
complete MAC chromosomes. However, about a half of genome
sequences, composed of 1030 scaffolds, are still not assembled as
complete MAC chromosomes (hereafter defined as un-closed
scaffolds).

About 1000X Nanopore sequencing data (total DNA of both
MAC and MIC, reads N50: 25.8Kb) were obtained to finish the
MAC genome assembly. Comparison of different third-generation
sequencing data assemblers, including CANU, NECAT, SHASTA, Flye
and wtdbg2, were performed. In practice, CANU and NECAT
showed better performance on assembling closed scaffolds com-
pared to other assemblers. We divided the ~1000X Nanopore data
into different parts, each with ~60X data, and individually assem-
bled them (Fig. 1). We have two reasons to do this division: 1)
The MIC reads (contaminations) could be limited below 3X (the
copy number ratio between MAC and MIC is 45:2), which will usu-
ally be filtered by genome assemblers [4]; 2) At 60X coverage,
CANU and NECAT already have good assembling performance
and the time cost of assembling could be greatly reduced.

We started from the 1158 scaffolds in current genome assembly
of T. thermophila (Fig. 1), and divided these scaffolds into two parts:
1) 128 closed scaffolds which assembled as complete MAC chro-
mosomes; 2) 1030 un-closed scaffolds which have not been assem-
bled as MAC chromosomes. For the 128 closed scaffolds, three of
them still have gaps (one per each). These gaps were easily closed
by aligning the three scaffolds to the 60X Nanopore data assem-
blies. The left 1030 un-closed scaffolds were iteratively merged
with each assembled genome using 60X Nanopore data (Fig. 1).
After six rounds of merging using quickmerge, 34 closed scaffolds
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Fig. 1. Diagram showing the strategy to assemble complete MAC genome of ciliate. M1 to Mn, the un-closed scaffolds in each round (1 to n) which do not have telomere
sequences at both ends. M_miniasm means the un-closed scaffolds after merging using miniasm. C1 to Cn, the closed scaffolds (MAC chromosomes) in each round (1 to n)
which have telomere sequences at both ends. C_miniasm means the closed scaffolds (MAC chromosomes) after merging using miniasm. C_manual means the closed scaffolds
after the manual checking of overlaps between TSCR and the un-closed scaffolds (trimmed).

Fig. 2. A full panel of 181 MAC chromosomes of Tetrahymena thermophila. For each MAC chromosome, the pink boxes represents the predicted genes; the red boxes represent
all the genes that have been named in TGD wiki (http://ciliate.org/); the blue histogram represents the gene expression profile across the chromosome in vegetative growth.
(For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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were newly obtained. After that, we extracted the 256,181 raw
telomere-sequence-containing reads (TSCR, reads N50, 28.5 Kb)
from Nanopore data (Fig. 1), and sequencing errors were corrected
using NECAT. These error corrected TSCR were aligned to the left
scaffolds using minimap2, and followed by a new round of assem-
bly using miniasm (Fig. 1), and additional 12 scaffolds with telom-
ere sequences capped at both ends were obtained, and only six
scaffolds (3.3 Mb) could not be resolved. To close these six scaf-
folds, we manually checked the overlaps between TSCR and these
scaffolds (Fig. 1), and all of themwere closed by trimming their ter-
minal sequences and re-merging with TSCR.

In summary, the complete MAC genome (102.9 Mb) with a total
of 181 MAC chromosomes (including rDNA mini-chromosome)
were obtained. Previous study has also shown that the MAC gen-
ome is contained in 181 chromosomes through physical and
genetic mapping [18]. These MAC chromosomes were re-named
from 1 to 181 by their order along the five MIC chromosomes.
Fig. 2 showed the full panel of the 181 MAC chromosomes. The
longest MAC chromosome is 3.26 Mb in length, and the shortest
one (excluding rDNA mini-chromosome) is 38 Kb in length. The
real N50 of the MAC genome is about 891 Kb. A total of 22 classes
of repetitive sequences, which masked 5.2% MAC genome, were
identified by RepeatModeler. Among these repetitive sequences,
Table 1
Genome assembly statistics of T. thermophila and T. shanghaiensis.

Assemblies in this study

T. thermophila T. sha

Assembly size (Mb) 102.9 92.0
Number of scaffolds 181 214
Closed Scaffolds 181 214
N50 (Kb) 891.3 620.0
Longest scaffold size (Mb) 3.26 1.98
Mean scaffold size (Kb) 568.5 430.0
‘‘N” gaps (Kb) 0 0

Fig. 3. An example of synteny maps between the two Tetrahymena species. The upper
(fromMIC chromosome 4) and the corresponding T. shanghaiensis chromosomes. The high
in T. thermophila was broken into two separate chromosomes in T. shanghaiensis. No
descending order because its MIC genome is still not available. The lower panel shows th
to color in this figure legend, the reader is referred to the web version of this article.)
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3.3% were annotated as long interspersed nuclear elements
(mainly composed of Leucine-rich repeat genes [13]) while the rest
were unclassified. The repetitive sequences in the MAC are not ran-
domly distributed, most of them are enriched in the MAC chromo-
somes and derived from the pericentromeric and subtelomeric
regions of MIC chromosomes [13,19]. In particular, we also found
some new genes which missed in the current genome assembly,
for example, the alpha 2 subunit of the proteasome.

To test the applicability of this strategy, we generated ~900X
Nanopore sequencing data (reads N50: 30.8 Kb) of T. shanghaiensis.
Instead of using pre-existed assembly, we started from a 60X de
novo assembly by NECAT, and then followed the strategy showing
in Fig. 1. After eight rounds of merging using quickmerge and a
round of assembly using miniasm, and followed by additional
manual checking, we finally got the complete genome of T. shang-
haiensiswith 214 MAC chromosomes (92.0 Mb) which capped with
telomere sequences at both ends. Genome assembly statistics of
the two Tetrahymena species are shown in Table 1. For T. shang-
haiensis, we found about 3.6 Mb difference in length between the
newly assembled genome and the current version [13]. Closer
inspection revealed that the 3.6 Mb sequences in the current ver-
sion are composed of short scaffolds, 87.4% of which have length
less than 5 Kb. Furthermore, after mixing the 3.6 Mb sequences
Current assemblies

nghaiensis T. thermophila T. shanghaiensis

103.0 95.6
1158 2660
128 31
520.9 153.6
2.22 0.79
89.0 36.0
63.7 90.0

panel shows the synteny relationships between T. thermophila MAC chromosomes
lighted synteny blocks (with colors green and magenta) show a single chromosome
te that T. shanghaiensis chromosomes are numbered according to their length in
e gene-level matches of the highlighted blocks. (For interpretation of the references



G. Wang, S. Wang, X. Chai et al. Computational and Structural Biotechnology Journal 19 (2021) 1928–1932
and the newly assembled genome and mapping Illumina reads
onto them, we found that the read densities on these short scaf-
folds were significantly lower than those on other chromosomes
(t test, P < 2.2e�16). These results indicated that the 3.6 Mb
sequences in the current version should probably be the contami-
nation of MIC genome sequences due to the inability to completely
separate the MIC from the MAC prior to DNA isolation [13].

We then used Merqury [12] to estimate the assembly accuracy
and completeness by comparing k-mers in the assemblies to those
found in the high-accuracy Illumina reads. The results show that
the per-base error rates for T. thermophila and T. shanghaiensis
assemblies are 3.5e�05 and 2.3e�05, respectively, and the com-
pleteness values are 98.9% and 98.3%, respectively. However,
because the Illumina reads were sequenced from the mixed MAC
and MIC DNA, a small fraction of k-mers in reads were derived
from MIC-specific genome sequences. Therefore, the completeness
values should be underestimated. All these results suggested that
our assembled genomes are highly accurate and complete. Based
on the complete assemblies, we could study gene synteny between
the two species at the chromosome level using MCScanX [20].
Interestingly, we found some cases that a single chromosome in
T. thermophila was evolutionarily broken into two separate chro-
mosomes in T. shanghaiensis, which can help understanding why
T. shanghaiensis contains relatively more chromosomes (Fig. 3).
We anticipate that the established strategy can probably be used
directly or with a slight adaptation to assemble complete MAC gen-
omes of other ciliate species.
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