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Abstract

Ciliated protists are a large group of single-celled eukaryotes with separate germline and somatic nuclei in each cell. The somatic
genome is developed from the zygotic nucleus through a series of chromosomal rearrangements, including fragmentation, DNA
elimination, de novo telomere addition, and DNA amplification. This unique feature makes them perfect models for research in
genome biology and evolution. However, genomic research of ciliates has been limited to a few species, owing to problems with
DNA contamination and obstacles in cultivation. Here, we introduce a method combining telomere-primer PCR amplification and
high-throughput sequencing, which can reduce DNA contamination and obtain genomic data efficiently. Based on this method, we
report a draft somatic genome of a multimacronuclear ciliate, Uroleptopsis citrina. 1) The telomeric sequence in U. citrina is confirmed
to be C4A4C4A4C4 by directly blunt-end cloning. 2) Genomic analysis of the resulting chromosomes shows a “one-gene one-
chromosome” pattern, with a small number of multiple-gene chromosomes. 3) Amino acid usage is analyzed, and reassignment of
stop codons is confirmed. 4) Chromosomal analysis shows an obvious asymmetrical GC skew and high bias between A and T in the
subtelomeric regions of the sense-strand, with the detection of an 11-bp high AT motif region in the 3’ subtelomeric region. 5) The
subtelomeric sequence also has an obvious 40 nt strand oscillation of nucleotide ratio. 6) In the 5 subtelomeric region of the coding
strand, the distribution of potential TATA-box regions is illustrated, which accumulate between 30 and 50 nt. This work provides a
valuable reference for genomic research and furthers our understanding of the dynamic nature of unicellular eukaryotic genomes.
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Introduction unique genome structure, ciliates have been models for

Ciliates are highly differentiated, morphologically complex,
and widespread unicellular eukaryotes (Song et al. 2009;
Chen et al. 2017; Liu et al. 2017). They are distinguished by
nuclear dimorphism: each cell contains two types of nucleus,
micronuclei (MIC) and macronuclei (MAC), which serve as
germline and somatic genomes, respectively (Prescott 1994,
Morgens et al. 2013; Wang YR et al. 2017). Due to this

researches in genetics and genomics, evolution and cell biol-
ogy (Bracht et al. 2013; Chen et al. 2015; Gao et al. 2016;
Xiong et al. 2016; Yiet al. 2016; Wang C et al. 2017). Studies
in Tetrahymena and Paramecium have contributed to impor-
tant biological discoveries, including catalytic RNA (Bass and
Cech 1984; Greider and Blackburn 1985), telomeric repeats
(Greider and Blackburn 1989), and histone modifications
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Fic. 1.—Qutline of the classes in the phylum Ciliophora. Species involved in our research are highlighted.

(Gaoetal. 2013; Wang, Chen, etal. 2017; Wang, Sheng, et al.
2017; Zhao et al. 2017), whereas studies in the hypotichs
Oxytricha and Stylonychia have revealed scrambled genes,
and the small RNAs and transposases that guide gene unscram-
bling during macronuclear differentiation (Landweber et al.
2000; Bracht et al. 2013; Chen et al. 2014). Telomerase was
first identified by biochemical purification from the ciliate
Euplotes aediculatus (Lingner and Cech 1996).

Despite the vast morphological diversity of ciliates, geno-
mic research has been limited to only a few species (Swart
et al. 2013; Aeschlimann et al. 2014; Slabodnick et al. 2017),
but with modern sequencing methods it is now possible to
greatly expand these studies. More than 4,500 species of
ciliates dispersed in 11 classes have been morphologically de-
scribed, and this number is growing (Foissner et al. 2008;
Dong et al. 2016; Fan et al. 2016; Wang et al. 2016; Luo
et al. 2017). Among these, only 18 species from 3 classes (10
Oligohymenophorea, 7 Spirotrichea, 1 Heterotrichea) have
genomic information in GenBank. There are two main
obstacles in ciliate genomic research: 1) cultivation is a pre-
condition for most genomic research (Zheng et al. 2015;
Befzecki et al. 2016), whereas most ciliates, especially those
living in extreme conditions, are difficult to cultivate in the lab;
2) ciliates are heterotrophs, feeding on other small organisms,
such as bacteria and algae (Wolf 2014), which can lead to
extensive contamination of genomic DNA preparations. In
addition, many ciliates carry intracellular bacteria as parasites
or symbionts, another source of contamination (Gortz 1996;
Fokin 2004; Xiong et al. 2015).

Ciliates can be divided into two groups based on the struc-
ture of their MAC chromosomes (fig. 1). One group has

relatively normal eukaryotic MAC chromosomes, each long
chromosome carrying tens to hundreds of genes (although
MAC chromosomes are acentric); examples include the
Oligohymenophorea  (Tetrahymena  thermophila  and
Paramecium tetraurelia) and Heterotichea (Stentor coeruleus)
(Eisen et al. 2006; Arnaiz et al. 2007; Slabodnick et al. 2017).
In contrast, ciliate belonging to Phyllopharyngea, Spirotrichea,
and Armophorea have extremely short MAC chromosomes,
each chromosome carrying one or a very few genes with
flanking telomeres (fig. 1) (Riley and Katz 2001; Swart et al.
2013; Aeschlimann et al. 2014; Gao et al. 2014, 2015; Huang
etal. 2016). In addition, ciliates with long MAC chromosomes
retain most of the MIC genome structure in the differentiated
MAC, whereas ciliates with extensively fragmented chromo-
somes tend to lose a large portion of MIC sequence when
forming their MAC (Arnaiz et al. 2012; Coyne et al. 2012;
Bracht et al. 2013; Chen et al. 2014; Hamilton et al. 2016),
although this may reveal limited sampling: Paramecium cau-
datum has a compact MAC genome (Mcgrath et al. 2014) but
an extremely large MIC (Arnaiz et al. 2012), which has not yet
been sequenced. In Paramecium aurelia species, MAC chro-
mosomes are 100-1,000 kb long (perhaps each representing a
MIC chromosome arm), and only 25% of MIC sequence com-
plexity is lost during MAC differentiation (Arnaiz etal. 2012). In
contrast, in Oxytricha trifallax, which has an extensively frag-
mented MAC genome, the mean chromosome length is
3.2kb, containing only one or a few genes, and capped by
telomeres with (C4A4)2C4 at the 5-end and a longer
G4(G4T4)2~7 at 3-end forming G-quadruplex structure,
and 90% of the MIC complexity is lost (Bracht et al. 2013;
Swart et al. 2013; Aeschlimann et al. 2014; Chen et al. 2014).
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Given the small size and telomere caps of extensively frag-
mented chromosomes, we apply telomere-primer PCR to am-
plify the MAC genome from a limited number of cells:
telomere-anchored oligonucleotides are used as PCR primers,
and long-range high-fidelity DNA polymerases easily amplify
most chromosomes, whereas reducing the influence of con-
taminating DNA from food and symbionts (Ricard et al. 2008).
Using this method, we report the first assembly and analysis of
the genome from the halobiotic hypotrichous ciliate
Uroleptopsis citrina (Ciliophora, Spirotrichea, Hypotrichia).
Although other hypotrichous ciliates with sequenced genomes
inhabit freshwater and have two macronuclei (e.g., Oxytricha
trifallax and Stylonychia lemnae), Uroleptopsis citrina has nu-
merous dispersed macronuclei and is a marine species. This
research generates novel insights into genomic structure of a
unicellular eukaryote and facilitates genomic research of fur-
ther ciliates.

Materials and Methods

Cell Isolation and DNA Extraction

Uroleptopsis citrina was collected from a harbor of Qingdao
China (36°05’N, 120°33’E) in 2011. Cells were maintained in
Petri dishes in filtered, autoclaved seawater with rice grains
added to promote bacterial growth as food. Uroleptopsis cit-
rina was identified by its morphological features and SSU-
rRNA gene sequence, which differed by one nucleotide
from the sequence of U. citrine in the NCBI database
(Accession no.: GU437211) (Huang et al. 2010; Baek et al.
2011). Before DNA isolation for genomics studies, this strain
had been cultured in lab for 2 years, maintained by subculture
with only three to eight cells transferred; and only vegetative
propagation was observed in these subcultures. DNA sam-
ples, of 10 cells (sample A) and 5,000 cells (sample B) were
isolated, washed in autoclaved seawater, and extracted using
the DNeasy Blood & Tissue Kit (QIAGEN, cat. no. 69506),
following the manufacturer’s protocol.

Chromosome Cloning, Genomic Amplification, High-
Throughput Sequencing, and Assembly

DNA of sample B was treated with T4 DNA polymerase
(TAKARA, cat. no. 2040 A) to generate blunt chromosome
ends. These blunt products were cloned with the Mighty
Cloning Reagent Set (TAKARA, cat. no. 6027) and sequenced
on an ABI 3700 sequencer (GENEWIZ Incorporated Company,
Beijing, China). The PCR primer for whole genome amplifica-
tion was synthesized based on the chromosome telomeres
found in the Sanger sequences: “5-CCCCAAAA
CCCCAAAACCCC-3." DNA of sample A was telomere am-
plified using Q5 Hot Start High-Fidelity DNA Polymerase (NEB,
cat. no. M0493L) with the elongation time of 5 minutes. The
PCR product of sample A was purified with the EasyPure Quick
Gel Extraction Kit (Transgen, cat. no. EG101-02); purified and

amplified sample A DNA was used to generate a 500 bp aver-
age insert size PE library and sequenced on the lllumina Miseq
platform (read length: 300 bp). About 1 Gb of lllumina PE data
were obtained after quality control. Assembly of the genome
was performed with SPAdes (default parameters and -k = 21,
33, 55, 77), ABySS (default parameters and -k = 63) and SOA
Pdenovo2 (default parameters and -k =63) (Simpson et al.
2009; Bankevich et al. 2012; Luo et al. 2012). QUAST was
used to evaluate the resulting contigs (default parameters
and -M =0, means that all contigs are evaluated) (Gurevich
et al. 2013). Bowtie2 was used to map the reads back to the
genome to calculate the sequencing depth of each contig.

Reference Genome and Data Location of This Research

Five reference genomes were downloaded from NCBI
GenBank: Saccharomyces cerevisiae (GenBank assembly ac-
cession number: GCA_000146045.2), Oxytricha trifallax
(GenBank assembly accession number: GCA_000295675.1),
Stylonychia lemnae (GenBank assembly accession number:
GCA_000751175.1), Paramecium tetraurelia (GenBank as-
sembly accession number: GCA_000165425.1), and
Tetrahymena thermophila (GenBank assembly accession
number: GCA_000189635.1). The assembled genomic data
set of U. citrina can be accessed at NCBI (GenBank assembly
accession number: GCA_001653735.1).

Gene Prediction

Reference-based gene prediction was performed by aligning
all the contigs with the SWISS-PROT database using BLASTx
(evalue = 1e-5, querygenecode=6) (Catania and Lynch
2010). Because we lacked RNA-seq data, some BLASTXx align-
ments (nucleotide against protein) included multiple HSPs
(high similarity positions) separated by introns that cannot
be divided by 3. A perl script (blast_xml_protein_coding_se-
guence_extract_v2.pl in the Supplementary Material online)
was developed to analyze the BLASTx XML file: with this
script, local alignments without start and stop codons were
extended by concatenating the separate protein HSPs after
deleting potential introns. The final gene prediction based on
SWISS-PROT has been confirmed as in a consistent coding
frame comparing with known proteins.

De novo gene prediction was performed using AUGUSTUS
(version 2.5.5) (Stanke et al. 2004). An AUGUSTUS gene
model for U. citrina was trained using the SWISS-PROT data-
base, based on our gene prediction results above. In the pa-
rameter file, TAA and TAG codon were modified to encode
for glutamine, instead of a translation stop. Because the min-
imum intron length in AUGUSTUS was not suitable for ciliates,
the min_intron_len in the source code of types.cc file in
AUGUSTUS was modified from 39 to 15 before recompiling
the software. The prediction result of AUGUSTUS was filtered
to discard genes without an annotated start or stop codon
using a custom perl script (gff_analysis.pl in the
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Supplementary Material online). The remaining protein cod-
ing genes from prediction of AUGUSTUS were blasted against
the SWISS-PROT database to add functional information.
Predicted genes from AUGUSTUS and those from the
BLASTx search against SWISS-PROT database are com-
bined to form the final prediction files. Another perl script
(combine_database_and_denovo_annotation.pl in the
Supplementary Material online) was designed to compare
the genes predicted by the SWISS-PROT database and those
predicted by AUGUSTUS. For genes shared by both results,
the detailed information from the SWISS-PROT database
based prediction was maintained in the final prediction file.

Motif and Potential TATA-Box Searching

After confirming the telomere sequence (C4A4C4), the
Perl regular expressions/(CCCCAAAA)+CCCC/and/
GGGG(TTTTGGGG)+/were used to identify and remove telo-
mere sequences from each 2-telomere contig. All 7,498 2-telo-
mere contigs were compared against the SWISS-PROT
database (-query_genecode = 6, -evalue = 1e-10): sequences
with a match on the reverse strand were reverse complimented.
About 5,380 of 7,498 contigs could be strand-confirmed.

MEME (Bailey et al. 2009) was used for motif searching in
the 5" and 3’ subtelomeric regions (-dna, -nmotifs 5, -maxw
25, -maxsize 500000). A perl script which identifies the lon-
gest consecutive pure AT region was used to identify potential
TATA-boxs. This script recorded the position and length of all
pure AT regions and output the longest one after scanning
the whole target area. About 200 bp areas in the 5’ and 3’
subtelomeric regions of telomere-removed and strand-
confirmed contigs were searched. The location of the longest
consecutive pure AT region of each sequence was recorded
and plotted.

Results and Discussion

Telomere Sequence Confirmation and Genomic
Amplification

At present, all telomeric sequences reported in hypotrichous
ciliates are (C4A4)2C4. We confirmed this in Uroleptopsis
citrina by direct blunt-end cloning of chromosomes into plas-
mid vectors. About 44 cloned chromosomes were sequenced
and each contained the telomeric sequence 5'-
CCCCAAAACCCCAAAACCCC-3/, as reported in other
hypotrichous ciliates (Swart et al. 2013; Aeschlimann et al.
2014). We used this sequence to synthesize telomere primers
and amplify the MAC genome of U. citrina. PCR products
range from 500 to 4,000bp with a peak at ~1,000bp
(fig. 2). This amplified genome was purified (concentration:
218ng/ul, 0OD260/280: 1.88), and subjected to high-
throughput sequencing.

S =4500 s = 4500
s - 3000 = - 3000
e W - 2000
- =1500
e -1000 - -1200
. =750 S - 800
. =500 - 500
=250 - 200
A B

Fic. 2.—Total genomic DNA (4) and telomere-primer PCR amplified
DNA (B) of Uroleptopsis citrina. (A) and (B) Marker unit: bp. (C) Living cell of
U. citrina under DIC microscope. Scale bar: 40 pm.

Genome Assembly and Evaluation
Genome Assembly

To achieve the best assembly possible, we performed de novo
assemblies with three different assemblers: the data set was
assembled independently with SPAdes, ABySS, and
SOAPdenovo2 (Simpson et al. 2009; Bankevich et al. 2012;
Luo et al. 2012). The assemblies’ quality was evaluated by
N50, number of contigs and assembly size of contigs with
zero, one, or two (0/1/2) telomeres—contigs with two telo-
meres were assumed to be complete MAC chromosomes
(table 1). As table 1 shows, SPAdes has the best performance,
yielding the longest N50, fewer contigs and more two-
telomere caped contigs, and this is chosen for downstream
analysis. This assembly was comprised of 33,912 contigs
(31.15 Mb), with 5,490/20,924/7,498 0/1/2-telomere contigs,
respectively.

Because of the PCR bias of the amplified chromosomes
and relatively low sequencing depth (~20x), it is hard to ob-
tain the whole genome. However, after removing bacterial
contamination (discussed below), 31,754 contigs remained.
The final data set for analysis is 29,661,436 bp (fig. 3); about
one-third of the contigs (7,498) are completed MAC chromo-
somes. The sequencing coverage of each complete chromo-
some was calculated by mapping the reads to 2-telomere
contigs, and is ~20x (fig. 4A). Chromosomes around ~400
and 3,900bp have the highest coverage (50x).
Chromosomes  around  500-700bp,  3,500-3,800 bp
and >4,800bp have comparatively low coverage (fig. 4A).
This suggests that the coverage of each chromosome is a
result of both PCR amplification and original chromosome
copy number.
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Table 1

Comparison of Uroleptopsis citrina Genome Assemblies

Assembler SPAdes AByss SOAPdenovo
Assembly size (bp) 34,689,849 41,495,597 46,732,849
Number of contigs 33,912 205,876 182,603
Largest contig 6,746 3,142 2,678
N50 (bp) 1,007 224 293
Number of 2-telomere contigs 7,498 342 383
2-telomere contigs size/assembly size (%) 31.09 0.60 0.58
Number of 1-telomere contigs 20,924 29,867 22,414
1-telomere contigs size/assembly size (%) 42.98 18.38 17.08
Number of O-telomere contigs 5,490 175,667 159,806
0-telomere contigs size/assembly size (%) 25.93 81.02 82.34

S
“___ Mb (100 kb each bar)

I Homologous gene detected |
W No homologous gene detected \

memm  O-telo contigs
mmmm  1-telo contigs
s 2-telo contigs

Sequencing depth

Fic. 3.—Whole assembly circle plot. About 31,754 contigs are separated into two groups based on the presence/absence of a homologous genes.
Contigs are joined together and arranged by length (clockwise, from long to short). Homologous genes are linked by black lines within the circle. The
outermost layer shows sequencing depth (calculated as TPM value). Middle layer shows distribution of 2/1/0-telomere contigs.

Self-to-self alignment with BLASTn searches (e-value: 1e- of allele pairs that have assembled separately, consistent
10) shows the existence of homologous genes that have as- with a diploid U. citrina germline genome. However, because
sembled separately (fig. 3): 47.54% of contigs are found to of the MAC extreme fragmentation, it is impossible to identify
have at least one homologous gene (average identity synteny in this “one-gene one-chromosome” genome, and
92.03%) in the genome. Most consist of pairs, suggestive to distinguish paralogous genes from gene alleles.
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Fic. 4—Accumulated contig length distribution based on GC content of different data sets from Uroleptopsis citrina. Telo2: Contigs with telomeres on
both 5'- and 3'-ends. Telo1: Contigs with one telomere on the 5'- or 3’-end. Telo0: Contigs without telomeres. All contigs: Combination of all contigs.

Limited Bacteria Contamination

After assembly, contigs are clustered by GC content (fig. 4).
For a specific species, GC content is rather stable and in some
case may be a reliable standard for separating two species,
especially for ciliates which have rather low GC content com-
pared with bacteria. In the reported genome of hypotrichous
ciliate Oxytricha, the GC content is ~40%. As shown in
figure 4B, contigs are divided into two groups based on GC
content: a major peak (95.46% of contigs) at 41% GC con-
tent and a minor set (4.54% of all contigs) at 65%. The minor
peak indicates the presence of nonciliate contamination. This
is confirmed by the presence of telomere capped contigs in
only the low GC set (fig. 4). BLASTn searches (e-value: 1e-5) of
the high GC set against the NCBI GenBank nucleotide data-
base finds that 2,158 contigs with high GC, 91% (1,968
contigs) have strong matches to bacterial genomes. This result
supports the contention that the low GC data set belongs to
U. citrina, whereas the minor high GC set comes from

bacterial contamination. It also indicates that the final assem-
bly restricts the bacterial to a low and tractable level.

We believe that with deeper sequencing, more genomic data
and more completed chromosomes will be obtained. Taken to-
gether, our results show that combining telomere-primer PCR
amplification and high-throughput sequencing is a viable way to
reduce DNA contaminations and obtain the genomic data effi-
ciently for the ciliates with extensively fragmented genomes.

Protein Coding Gene and tRNA Predictions

The U. citrina data set, comprised of 31,754 contigs, is split
into three subsets based on the number of telomeres/contigs
(2, 1, or 0). SWISS-PORT BLAST search and AUGUSTUS de
novo gene prediction are combined to predict genes in the
three data sets. About 15,345 genes are predicted, and 9,529
of these with reliable matches to entries in the SWISS-PROT
database were annotated. Most contigs (13,432) encode a
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Fic. 5.—(A) Amino acids usage of Uroleptopsis citrina, Saccharomyces cerevisiae, Oxytricha trifallax, Paramecium tetraurelia, and Tetrahymena ther-
mophile. Codons TAA and TAG were calculated individually. (B) Spearman correlation coefficient of amino acid usage between each two species.

single gene, with an average length of 1,131 bp. Contigs cod-
ing for two (830 contigs), three (76 contigs), and four genes (3
contigs) are much longer, 1,972 bp, 2,535 bp, and 3,575 bp,
respectively. No contig is predicted to contain five or more
genes. This “one-gene one-chromosome” pattern is consis-
tent with findings from other fragmented ciliates (Ricard
et al. 2008; Swart et al. 2013; Aeschlimann et al. 2014).

We performed a tRNA scan to analyze the tRNA gene set
(Lowe and Eddy 1997). About 90 contigs are detected that
encode tRNAs, included all 20 standard amino acids. We also
find two tRNA genes carrying the “TAA" codon. This provides
proof of stop codon reassignment in U. citrina genome, which
will be discussed in the next section.

Amino Acids Usage and Stop Codon Reassignment

Based on the 15,345 genes predicted using SWISS-PROT
matches and AUGUSTUS, the amino acid usage of U. citrina
is analyzed (fig. 5A). As comparisons, the CDS data sets of

Saccharomyces cerevisiae, Oxytricha trifallax, Paramecium tet-
raurelia, and Tetrahymena thermophila are applied to the
same analysis. Saccharomyces cerevisiae uses standard stop
codons, including UGA, UAA, and UAG. The other three cil-
iate species have stop codon reassignment, with only UGA
serving as a stop codon, whereas UAA and UAG are reas-
signed to glutamine (GIn) (Swart et al. 2016).

Uroleptopsis citrina appears to have the same stop-
codon reassignment as O. trifallax, P. tetraurelia, and T.
thermphila (Swart et al. 2016). As shown in figure 54,
the presence of in-frame UAA and UAG codons in U. citrina
is much higher than in-frame UGA (UAA: 1.24%, UAG:
1.62%, UGA: 0.11%), similar to the other three ciliate spe-
cies, and quite different from S. cerevisiae. The presence of
in-frame UGA stop codons may be a consequence of se-
quencing error, potential mMRNA frame-shifting, or the ex-
istence of selenocysteine.

Correlation between amino acid usage and GC content
has been widely reported (Knight et al. 2001). Unlike other
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ciliates in this analysis (O. trifallax: 31%, P. tetraurelia: 28%, T.
thermophila: 22%), U. citrina has a relatively high GC content
(41%), which is closer to that in S. cerevisiae (38%) (Wood
et al. 2001; Eisen et al. 2006; Arnaiz et al. 2007; Swart et al.
2013). After removing the stop codon and reassigning UAA
and UGA codons, the Spearman correlation coefficient of all
the 20 amino acids was calculated and compared between
each pair of species (fig. 5B). The results show that the amino
acid usage is more divergent as the difference in GC content
increasing. Amino acid usage of U. citrina is more similar to
that in yeast than to other ciliates, which have much lower GC
content.

Biased Nucleotide Distribution of Coding Chromosomes

To examine the nucleotide distribution across chromosomes,
we apply a sliding-window analysis to telomere-removed
complete chromosomes, which included 5,380 sense-
stranded single-gene coding contigs (N50: 1,710bp). The
window size for each contig is equal to 1% of the contig
length (17bp in average) (fig. 6). There is an obvious AT
bias for the first and last 9% of the full length of chromo-
somes, including most or all of the predicted 5'- and 3’-UTSs.
Across the transcribed region, the AT/GC content is stable but
reveals an obvious adenine richness for the coding strand (A:
31.6%; T: 25.8%; G: 22.8%; C: 19.7%). A gradually increas-
ing guanine (G) and cytosine (C) bias is observed. This bias
starts from the AT rich region of the 5’-end and reaches a
peak (~8% G over C) at the 3'-end of the sense-strand. It
seems to be strand sensitive: the GC bias in the sense-strand is
asymmetric. This phenomenon has also been reported in the
fragmented genomes of the ciliates Nyctotherus ovalis and
Oxytricha trifallax (Ricard et al. 2008; Swart et al. 2013). The
biological function of this symmetrical GC skew in the sub-
telomeric regions of the sense-strand is uncertain. A reason-
able explanation is that the 3’-end of chromosomes is used as

the leading strand in DNA replication, and is exposed as single
stranded DNA for a greater time than the lagging strand.
During the exposure as a single strand, cytosine is prone to
deamination to uracil, which will result in error in the newly
synthesized strand (Frank and Lobry 1999; Cavalcanti et al.
2004). This suggests that the 3’ subtelomeric region of the
sense-strand may be the initial area where DNA replication
starts. The replisome of this genome-fragmented ciliate may
be strand sensitive.

We calculate the Shannon entropy (H) of the nuclectide
composition for each window of the above analysis (Shannon

4
equation H = — > P;Log P;) (fig. 6) (Shannon 1948). The en-
i=1
tropy of the four nucleotides is high and stable in the tran-
scribed region of chromosomes, and is obviously lower at
both the 5" and 3’ subtelomeric ends of chromosomes, indi-
cating the potential existence of motifs. We perform MEME
analysis of subtelomeric regions and found a motif TTGATTTC
[A/T] TT in the 3’-end of 222 contigs among 5,380 contigs. No
motif is detected in the 5'-end subtelomeric regions. This mo-
tif is within 11-39 nt (avg. 25 nt) of the telomere addition site
of each chromosome (see next section), and may be related
with DNA replication.

Base Composition of Subtelomeric Regions

In previous genomic characterization of other ciliates with ex-
tensively fragmented chromosomes, a unique subtelomeric
nucleotide strand bias was detected (Prescott and Dizick
2000; Cavalcanti. et al. 2004; Ricard et al. 2008). Based on
the above analysis, we further focus on the nucleotide compo-
sition for each site of the 200-nt subtelomeric region adjacent
to 5 and 3’ telomere of two-telomere chromosomes (fig. 7).

As shown in figure 7A, the first ~40nt of both strands
shows an A-over-T bias oscillation and consistent A-richness
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Fic. 7.—(A) A over T skew, (B) G over C skew, (C) AG over CT skew for the first 200 nt of sense- and antisense-strand of coding contigs in Uroleptopsis
citrina. Sense-strand refers to the 5’ subtelomeric region of coding strands, reverse to the 5’ region of antisense-strands, which is the reverse complementary
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between 20~40 nt. In the 40-200 nt region, the sense-strand is
A-rich while the antisense-strand is T-rich. A similar pattern of
G-over-C (G-C) bias oscillation in the first 40 nt of both strands is
observed (fig. 7B). For the remaining 160 nt, no obvious G-over-
C bias is detected in the sense-strand, whereas the antisense-
strand shows an obvious C-over-G bias. As a combined effect,
there is consistent oscillation in the first 40 nt of purine skew
(A+Q)—(C+T/A+G)+(C+T)). In the 40-200nt region,
the sense-strand is slightly purine rich (~8%), and the
antisense-strand is pyridine rich (~18%). This result indicates
that the subtelomeric region starts to lose its special strand-
nonsensitive oscillation 40 nt away from each telomere addition
site and conforms to the patterns of normal coding sequence.

Overall, this result reveals that the sequence of extensively
fragmented chromosomes can be divided into two main
regions based on the nucleotide distribution: a 40-nt subte-
lomeic region with stable strand-nonsensitive oscillation at
both the 5'- and 3’-ends and a relatively longer coding region
which has a different nucleotide distribution in two strands.
This feature agrees with the similar discovery in Oxytricha
trifallax (Cavalcanti et al. 2004), and indicates that this may
be a common feature among all ciliates with nanochromo-
somes. Currently we do not have a clear explanation for this
strand-nonsensitive oscillation in the subtelomeric regions.
Considering the special location of the subtelomeric regions,

they may serve regulatory and structural functions for chro-
mosome fragmentation, addition of telomeres, and initiation
of transcription and replication (Helftenbein et al. 1989;
Prescott 1994; Johnson et al. 1999; Johnson 2001).

Presence of Potential TATA-Box in Subtelomeric Regions

The above sections “Biased nucleotide distribution of coding
chromosomes” and “Base composition of subtelomeric
regions” both point to the special structure of the subtelo-
meric regions (e.g., Low Shannon entropy and different base
composition compared with coding region), indicating that
subtelomeric regions may have special functions. The TATA-
box structure, which is the binding site of the TATA-binding
protein (TBP) and responsible for the initiation of transcription,
is as an obvious target for further analyses (Zhang et al. 2016).

Because transcription only starts at 5’ regions of coding
strands, the 5,380 single gene coding chromosomes, which
have confirmed strand information, are used in this analysis.
By searching for pure-AT regions at least 9nt in length, we
find a strong pattern in the 200-nt subtelomeric regions of
coding strands (fig. 8). The 5" and 3’ subtelomeric regions of
the coding strand divergence, with the 5 subtelomeric
regions obviously more pure-AT, which might serve as the
potential TATA-boxes.
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The distribution of pure-AT regions presents an obvious
peak between 30 and 50nt and a small peak in the first
25 nt. As the minimum length in identifying the pure-AT region
increasing from > 5nt to > 20 nt, the occurrence of potential
TATA-boxs is maintained at the 30-50 ntin the 5 subtelomeric
region. The slight TATA-box enrichment in 3’ subtelomeric
regions may be the resulted of false positive signals, incorrect
strand confirmation, or failures in detecting two-gene chromo-
somes. By comparing the 5-10nt and 10-15nt potential
TATA-boxs, the major TATA-box of 3’ subtelomeric region is
5-10nt and relatively erratic in distribution, but that of 5’ sub-
telomeric region is 10-15nt and stable in distribution. It indi-
cates that false positive signals account for a large proportion of
TATA-box enrichment in 3’ subtelomeric regions, but can be
easily decreased by increasing the length restriction of pure-AT
region. It also indicates that the minimum length of TATA-boxs
is smaller than 10nt. The subtelomeric regions are likely to
possess TATA-boxs in a specific area and have tight relation
of the transcription initiation of nanochromosomes.

TBP plays an important role in the preinitiation complex
(PIC) recognizing the TATA-box and allowing transcription
initiation (Geiger et al. 1996; Nikolov et al. 1996). Two
TBP genes (TBP1a, 500 aa and TBP1b, 502 aa) are found in
Oxytricha trifallax (Swart et al. 2013), along with U. citrina
a stichotrich (Huang et al. 2010). We find orthologous
genes of both TBP1a and TBP1b in two 2-telomere chro-
mosomes of U. citrina (Contig 6476, 1,346 bp and Contig
9119, 1,141bp). The high similarity of both alignments
(TBP1a vs. Contig 6476 with the similarity of 79.4% and
TBP1b vs. Contig 9119 with the similarity of 82.1%) are
found at the last 200 aa of the C-terminal, which is
known as the functional core and conserved region of
TBP protein.

Supplementary Material

Supplementary data are available at Genome Biology and
Evolution online.
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