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ABSTRACT OF THE DISSERTATION
Systematic Identification of
Independent Functional Non-coding RNA Genes
in Oxytricha trifallax
by
Seolkyoung Jung
Doctor of Philosophy in Biology and Biomedical Sciences
(Computational Biology)
Washington University in St. Louis, 2011

Sean R. Eddy and Barak A. Cohen, Co-Chairmen

Functional noncoding RNAs participate in a variety of biotag processes: for example,
modulating translation, catalyzing biochemical reaisensing environments etc. Inde-
pendent of conventional approaches such as transcriptaanid computational compara-
tive analysis, we took advantage of the unusual genomicargtion of the ciliated unicel-
lular protozoarOxytrichatrifallax to screen for eukaryotic independent functional noncod-
ing RNA genes. Th®xytricha macronuclear genome consists of thousands of gene-sized
“nanochromosomes”, each of which usually contains onlynglsigene. Using a draft
Oxytricha genome assembly and a custom-written noncoding nanoclsamclassifier,
we identified a subset of nanochromosomes that lack anytdeteqrotein-coding gene,
thereby strongly enriching for nanochromosomes that caorycoding RNA genes. Sur-
prisingly, we found only a small proportion of noncoding nahromosomes, suggesting
that Oxytricha has few independent functional noncoding RNA genes besidemlogs

of already known noncoding RNAs. Other than new members aivknmoncoding RNA



classes including C/D and H/ACA box small nucleolar RNAs, ouesn identified a sin-
gle novel family of small RNA genes, named the Arisong RNAs, cibshare some of
the features of small nuclear RNAs. The small number of nawéépendent functional
noncoding RNA genes identified in this screen contrasts toemous recent reports of a
large number of noncoding RNAs in a variety of eukaryotes. iektthe difficulty of
distinguishing functional noncoding RNA genes from othaurses of putative noncoding

RNAs has been underestimated.
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Chapter 1

Introduction

In a 2009 special review issue G&ll calledRNA, Phillip Sharp stated the following at the
end of his introductory essayhe centrality of RNA:

“ The most surprising aspect of all of this is how late in thelgtorf cell biol-

ogy the importance and ubiquitous nature of RNA in gene reguldecame

widely recognized.[1]
Even though the potential functionality of noncoding RNAsegulators and operators in
protein synthesis was first presumed in 1961 [2], their fimnet importance and abundance
in various cellular processes had been underappreciateddog time.

Since ribosomal RNA (rRNA) was identified as the large RNA congmbiof ribosomes
in 1955 and alanine transfer RNA (tRNA) was first characterinel®65 [3], various func-
tionally important noncoding RNAs (ncRNAs) have been studiied wide range of or-
ganisms. For example, small nuclear RNAs (snRNAs) were soland first analyzed in
1968 as a single species of “U” RNA having a high content ofyligdacid [4]. Later,
it was found that snRNAs transcribed by RNA polymerase Il or RNymerase Il are

present in all vertebrates, and that among them, U1, U2 andr&@ighly conserved [5].
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Unlike other spliceosomal snRNAs which function in introi@pg, the function of 7SK
RNA, an abundant snRNA first discovered in 1976 [6], was redftivecently elucidated
as a negative regulator of the transcription elongatiotofae-TEFb [7, 8]. Nonetheless,
until 2000-2001 or so, protein-coding gene-oriented viens had been dominated in
biological research elucidating essential cellular psses. Up to that time, the number
of discovered and studied ncRNAs was much less than that eéiprooding genes in
a genome. While 3042 “ncRNA’ nucleotide sequences (369 hunt&NAs) were de-
posited between 1986/1/1 and 2000/12/31 (Entrez nuclkedadabase), 215186 “protein”
nucleotide sequences (44634 human mRNAs) were deposited.

However, the realization of the abundance of ncRNAs in cgjulaion was stimu-
lated by the discovery of several hundred eukaryotic micrARNIRNA) genes in various
genomes, which began to gain fame together with RNA intenfegRNAI) in 2000, to-
gether with reports of more than a hundred new small nuald®A (snoRNA) genes
[9-12] and riboswitches [13-17] in the same time period. Tire MiRNA, lin-4 in
Caenorhabditis elegans was positionally cloned in 1987 after being identified in g
screens for larval development-related regulatory geb@s Six years later, in 1993, the
Ambros group characterized its product as a small 21 nt ncRId&ftinctions as a posttran-
scriptional regulator (renamed later as miRNA) [19]. Seveary later, another miRNA,
let-7, was discovered which also encodes a smdll nt RNA with partial complementar-
ity to the 3 untranslated region of target MRNAs [20]. In the next yeaicanservation was
revealed in an astonishingly wide range of organisms inotutly, fish, mouse and human
(but not in bacteria, yeast, sponge or plant) [21]. This sgtgd that lin-4 and let-7 were
not nematode-specific oddities, and led to finding hundrédsew instances of miRNA

genes in various other genomes from plants to human [22,i&Baks0 triggered a race to
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find novel ncRNA genes by systematic approaches in a varigggmbmes [24-28].

In 2002, a key paper from the FANTOM Consortium of the RIKEN Me@ene En-
cyclopaedia Project was published, in which the group adgino have discovered over
10,000 novel ncRNA candidates by characterizing new cDNAesowith the previous
FANTOM I clone dataset [29]. After clustering cDNA clonegartranscription units, rep-
resentative cDNA clones from each cluster were examinegraein-coding potential by
matching to known mouse DNA and protein sequences. Amomgdrgotion units which
were not assigned some functional information, clones watimputational predicted cod-
ing sequences (CDSs) of less than 100 amino acids (aa) wevkasgthas noncoding mes-
sages. Coupled with dramatic advances in sequencing capadtthe advent of microar-
ray technology, subsequent genomics and transcriptorpm®aches have reported more
than tens of thousands of ncRNAs in a wide variety of speci@s38]. These reports have
led some to hypothesize that regulatory networks by ncRNAghtrexplain most of the
complexity of higher eukaryotic organisms [36]. Howeveheather these newly emerging
RNA species are functional and whether they are even trulgoding remains controver-
sial [37] as | will discuss shortly in more detail, so a catefarification on ncRNAs and
reexamination on noncoding transcripts are required tiindisish meaningful functional

ncRNAs among the collection of noise-prone transcripticenévin a genome.

1.1 Noncoding RNAs

The term “noncoding” seems to have been first used for tRNA RiNArgenes to contrast
them with the coding RNA components of the central dogma, emggs RNAs (MRNAS)

which produce proteins [38]. The dictionary definition i®tispecifying the genetic code”.



As a generic term, “noncoding” can be used even to descritbpen® and untranslated
regions (UTRs) which are transcribed as parts of a protetihgpmRNA, and there is
no need for all such ncRNA to be functional. However, when peogfer to the term

“noncoding RNA’, they generally mean an RNA transcript thas bBaspecific biological

role, other than coding for protein as an mMRNA,; in other wovgisuse ncRNA, which is a
much broader concept, to indicate only functional ncRNA<waipts. However, to clarify
the notion of NCRNA, it is necessary to distinguish functiameRNAs from other sources

of noncoding RNA in a transcriptome.

1.1.1 Functional ncRNASs

Functional ncRNAs can be roughly divided into two groups aditw to the origin of their
functionality: structural ncRNAs and guide ncRNAs. Many walown ncRNAs adopt a
compact tertiary structure and exert their various fumgimuch as proteins do, either by
themselves or by interacting with other biomolecules idioig proteins, other ncRNAS,
MRNAs or small molecules. Some structural ncRNAs are comgeneitarge ribonucle-
oproteins such as the signal recognition particle (SRP) RNAghvcontributes in binding
and releasing of the signal peptide [39, 40]. Other strattncRNAS are some catalytic
RNAs (ribozymes) such as RNase P RNA, which participates in tRi&yrsor process-
ing [41], and self-splicing group | introns [42], both of wehi contributed to the proposed
“RNA world hypothesis” [43]. RNase P RNA makes a complex withnirone polypep-
tide chain (bacteria) to up to ten proteins (eukaryotes).t&3&t RNase P RNA still has
a catalytic activity without protein subunits, but isoldterchaeal or eukaryotic RNase P

RNAs do not retain their biochemical activity even thoughytlaee functionally essen-



tial in holoenzymes. A final example of structural ncRNAs ab®switches, which are
naturally occurring RNA aptamers that sense the conceorrafi diverse small molecule
metabolites including coenzymes, nucleosides, amincsaaitl an aminosugar through
atomic interactions with well-positioned residues in a RNAtiary structure. This RNA
aptamer communicates with an “expression platform” ,aact#g genetic control module,
to regulate the expression of a target gene. Most ribosesteine widespread only in bac-
teria [14-16], but the TPP riboswitch has been discovergdants and certain fungi and
predicted in archaea [44].

snoRNAs are a broad class of guide ncRNAs that were first ideatidy their local-
ization to the nucleolus, where ribosome assembly take®plenoRNAs have two main
classes that have different sequence features, secortdacfuses and detailed functions:
C/D box snoRNAs and H/ACA box snoRNAs. snoRNAs guide site-spettiignical mod-
ification, such as methylation (for C/D box snoRNAs) and pseudglation (for H/ACA
box snoRNAS), or in a few cases, processing (for both) of malRNAs and other RNAs
[45] by providing a guide sequence to find their target posiby complementary base pair-
ing. Other examples of guide ncRNAs are miRNAs and small Argtexaound RNAs such
as siRNA (small-interfering RNA) and piRNA (piwi-interactifNA) which are function-
ally similar to miRNA genes in that they silence gene expassither by directing mRNA
destruction or by inhibiting their translation or both,ledl RNAi (RNA interference). In-
corporated with a RNA-induced silencing complex (RISC), pssee~ 22 nt small RNA
from a longer source RNA, for instance, pre-miRNA transcrgathiRNA, find specific
target RNAs by binding to complementary sequences. siRNRsnliRNAsS, are broadly
distributed in both phylogenetic and physiological terarg] associate with the Ago clade

protein of Argonaute superfamily for RNA silencing. piRNAgarimarily found in an-
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imals, and function most clearly in the germline, where thsgociate with Piwi clade
proteins [46].

There also exist functional ncRNAs for which both secondanycsure and specific
complementary interactions with primary sequence arecalito their function. For ex-
ample, one of many known bacterial small regulatory RNAs,Ekeherichia coli MicF
gene, which was recognized in 1984 [47] and whose functiomsmoregulatory expres-
sion of the OmpF gene was elucidated in 1987 [48], recognigdarget mRNA through
complementary sequences residing in the loop regions ofiseteed secondary structure.

Not all functional ncRNAs are genes. A lexical definition ofeng is “the basic physi-
cal unit of heredity; a linear sequence of nucleotides albeggment of DNA that provides
the coded instructions for synthesis of RNA, which, whenglated into protein, leads to
the expression of hereditary characterfike many other biological terms, the “gene” is a
vague concept. For example, in the 1900s, two terms had lssehta indicate an indivisi-
ble unit of heredity: the English word “gene” and Johannsé&@erman word “gen” which
originated from Darwin’s English word "pangen” [49]. By th&1I0s, the idea that a gene
is invariant and indivisible like an atom or a simple cherh@@mpound had been refined:
“the gene is stable but changes similarly, by definite st¢p@]. In modern biology, the
definition has been expanded to include genes encodingdnatRNA molecules, regu-
lating operation of other genes or repressing such operaiad to include genes in viruses
with RNA genome. Thus we can define a functional ncRNA gene agsigdi heredity
unit that is transcribed into RNA but not translated into pnotand which has a biological
functional role as an RNA — but the term nonetheless is stiligoous. However, in many

cases, we can clearly recognize functional ncRNA “genesh sagthe genes encoding

Ihttp://dictionary.reference.com



RNase P RNA, snoRNAs and miRNAs. Among the above mentioned amadthcRNAS,
group | introns and riboswitches are nongenic function&Mas. Both are found as parts
of protein-coding genes; group | introns are a special mthat has a self-splicing capa-
bility, and riboswitches are special UTRs that have the tgwli regulating the expression
of a protein-coding gene in cis by detecting environmenit@nges. There are other in-
stances of such nongenic functional ncRNAs, especiallyegsdatory RNA motifs. The
iron response element (IRE), a short conserved stem-loogtstal sequence first found in
1987 [51, 52], is bound by iron response proteins (IRPs). IRiEtians to either repress
downstream iron metabolism-related translation (for IRE'IDTR) or increase upstream
MRNA stability (for IRE in 3 UTR) [53, 54]. Internal ribosome entry sites (IRESs) were
first discovered in 1988 in RNA viruses [55, 56] and later foafsdb in mammalian mRNAs
[57]. An IRES is an RNA structural motif allowing cap-indepemtl eukaryotic transla-
tional initiation, including in the middle of a polycistranmRNA. Some siRNAs that are
not associated with protein-coding genes are also nonf@mational ncRNAs that can be
found in a cell. They can be generated from exogenous sosuobsas long hairpin RNAs
or double stranded RNAs derived from the foreign DNAs or RNABerE are also many
siRNAs generated from endogenous sources, such as piRNA;smaaRNA (schnRNA),
trans-acting siRNA (tasiRNA) and repeat-associated siRNsiRfdA), where the question
of whether these are “genes” or not becomes purely semantic.

Functional ncRNAs may be transcribed from independent lgar(es”), embedded in
other transcripts (cis-acting), or produced from the pssc®y of other longer transcripts.
A good example of an independently transcribed functionBIMA among the above men-
tioned functional ncRNAs is RNase P RNA. The genomic locus ofyteest 369 nt long

RNase P RNA has an independent transcription start site, gessp@nd a terminator sig-
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nal for RNA polymerase Il [58]. Most nongenic functional ncR&such as group | introns
and riboswitches are associated with protein-coding gesiBNAs arise from processing
of other RNA transcripts [59] for genome defense or genomaroegtion unlike miRNAs
which are processed from the pre-miRNA products of endogepotmiRNA genes. How-
ever, some NncRNA genes show more complicated genomic distibpatterns. Most
mMiRNASs are located in intergenic regions often as a clustbigchvcontain their own pro-
moter and regulatory sequences of RNA polymerase Il [22,6@]intronic mIRNAs also
have been reported [61-63]. Among functional ncRNA gene&sptbst well-known repre-
sentative genes that are associated with protein-codingsggre snoRNAs. But, actually,
their genomic locations vary among organisms. The majofitpammalian snoRNAs are
located in introns, but many yeast snoRNAs are transcrilsigb@ndently in monocistronic
or polycistronic transcripts [64]. Some mammalian snoRN#slacated in an intronic re-
gion of a noncoding host gene that has no protein-codinghpiatend just has a role as a
carrier of sSnoRNA genes [65, 66]. In archaea, some snoRNA®eaatdd in the 3UTR of
protein-coding genes [67]. Furthermore, intronic snoRNAsS mature differently. They
are usually processed from excised introns by digestingsined sequences, but a few
snoRNAs are not dependent on splicing events and are en@otytatally excised from

introns [68].

1.1.2 Nonfunctional ncRNAs

It is not clear that every RNA transcript that a cell makes ssagly has a meaningful
biological function. Nonfunctional ncRNAs can be transedbirom all other genomic

regions aside from coding sequences and functional nongaskquences. These non-



functional noncoding sequences include introns, UTRs, gimgenes, repeat sequences,
transposons and integrated viral elements excluding tmbsEns and UTRs that contain
functional ncRNAs such as snoRNAs, miRNAs and cis-acting RNAfsas we described
above. These sequences comprise the majority of the gemsmegially in mammals; for
example, approximately 24% of the human genome is intronit aver 40% is derived
from transposons, whereas the exonic coding region of theahugenome is less than 2%
[69, 70]. Therefore, it is possible that random transonipiin these regions generate non-
functional ncRNAs as “noisy” products. Alternatively, tleagenomic regions may contain
as-yet undiscovered functional elements and the resultangscripts may be functional
NcRNAs.

Nonfunctional ncRNAs can also be generated as side-prodtioteer functional tran-
scriptional events. For example, transient ncRNA transsdgivergent from the adjacent
genes can be generated due to the intrinsic bidirectionateaf some (and possibly most)

eukaryotic promoters [71].

1.2 Noncoding transcripts

One of the methods used to search for new functional ncRNAsdehtify new apparently
noncoding transcripts. However, it is neither easy to sEgeenoncoding transcripts from
coding transcripts, nor to distinguish functional tramstsrfrom nonfunctional transcripts

and false positive signals.



1.2.1 Experimental noncoding transcripts detection methods

Experimental approaches for ncRNA gene identification weiteated by isolating highly
abundant ncRNA species by size-separation in denaturisgwale than 45 years ago [72].
RNA populations can now be systematically enumerated by-thigtughput sequencing
or microarray methods, applied to various specialized cDiNaries. Various approaches
have been used to try to enrich cDNA libraries for novel ncRNVsdepleting mRNA
and abundant rRNA and tRNA. For example, one approach is sieetism. To remove
MRNASs typically longer than ncRNA genes’ transcripts, smat-selected cDNA libraries
have been constructed and sequenced beginning with madaistj@ugh other eukaryotes
[73—76] and archaeal species [28, 77], and these studiesl foundreds of novel ncRNA
gene candidates including novel snoRNAs. As an exampletHemg the annotated protein
and ncRNAs transcripts in human genome are listed in TableThé size-selected cDNA
library construction approach was further improved by gditon of rRNA fragments and
other unwanted species using magnetic bead-attached eomaptary oligos [78]. Size se-
lection has also been used in a narrow size range to idenéfylmers of specific subclasses
of NncRNA genes such as miRNAs [22, 79-82]. Another ncRNA enrafitrapproach is to
use immunoprecipitation of a RNA-binding protein to enriplesific classes of transcript.
For example, several novel C/D and H/ACA snoRNA genes have lusriified by co-
immunoprecipitation with a snoRNA-binding protein such dsilfarin in Trypanosoma
brucel [9] or human [83, 84].

One drawback of cDNA sequencing is a non-uniform and biasexirng efficiency
across the entire target population of n\cRNAs due to thaicsire, chemical modification,

variable abundance and/or tissue- or developmental Sjageficity. Thanks to advances
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Table 1.1: Length (nt) of annotated protein and ncRNAs tmapiscin the human genome,

according to GENCODE v4.

# Gene class min. max. avg. num.
protein 30 21,723 | 2,414 || 20,631
tRNA 36 105 68 730
rRNA 35 161 1131 531
SNRNA 39 230 108.2 || 1,944
SNORNA 34 420 110.5 1,521
mMiRNA 47 195 92.5 1,756
lincRNA 232 | 9,047 | 2,293 || 1,451
all 62 518 154.1 1,187
) telomerase RNA (TERC . . 438 1
misc.RNA
RNaseP RNA 293 333 316 3
vault RNA 89 103 97.6 9

According to GENCODE v4 transcript annotation availablehat p: / / ww. gencodegenes. or g/,
each gengype was retrieved. For tRNA gertgpe, only mitochondrial tRNAs, mitochondrial tRNA pseu-
dogenes and tRNA pseudogenes are annotated. For othetygenepseudogenes are removed, but some
pseudogenes are accidently included because they areatethas pseudogenes in this Gencode annotation
version. For miRNA gengype, the annotated feature length seems to be not the lehgtiature miRNA
transcripts but that of pre-miRNA transcripts. A majoritygenetype “miscRNA’ is recently described
“novel” ncRNA and the next most popular genes are Y RNA andREK. The first two columns show the
names of gene or gertgpe (gene family). Other columns represent the smallesjtte largest length, and
average length among genes. Last column shows the totalerushenes in each gertgpe.

in high-throughput next-generation sequencing technesgecently developed RNA-Seq
deep-sequencing technology mitigates some of these pnshidg increasing sequence cov-
erage. The sensitivity of RNA-seq raises other issues sudased specificity by ampli-
fying biological noise, such as partially processed mRNZAgrddation products, or even
random transcriptional products by RNA polymerases, anémxental noise, for exam-
ple, occurring in the manipulation of fragile RNAs [85—-88kVv&ral approaches to reduce
such false positives have been attempted, such as RNPon@c8(JBand dRNA-seq [91]

which are RNA-Seq versions of the specialized cDNA librargusncing approach. RN-
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Pomics expands target RNA of sequencing from specific sudedasf RNA genes which
bind a specific RNA-binding protein through immunoprecipda into all protein-bound
RNAs by size-fractionation, and dRNA-seq selects a specifujaion of ncRNA tran-
scripts which have an unprocessédrbphosphate end on their primary transcripts. The
improved specificity of these approaches comes at the egp#neduced sensitivity be-
cause only a subpopulation of ncRNAs are sampled. In addiaiomore fundamental
problem in cDNA sequencing, RNA-Seq and variants of RNA-sehadsthe isolated RNA
sequences themselves are not informative about theiritmcsequencing alone cannot
determine if a transcript is noncoding or coding (MRNA), ndrether it is functional (as
RNA) or nonfunctional transcriptional noise which is notlbmically meaningful.

Another branch of experimental methods for transcriptemises microarrays. Mi-
croarrays, also known as DNA chips or expression arrays wastly used for mRNA ex-
pression profiling by hybridizing labeled samples to 25-76ligonucleotide probes. First
in bacteriak. coli, commercially available microarrays that had previousder limited
to coding regions were expanded into the intergenic rediomseate a technology called
“tiled microarrays”, enabling the discovery of novel tranbed regions including ncRNAs
[24, 92, 93]. The advent of customized tiling arrays withw feicleotides resolution made
it possible to annotate novel transcripts from the entireogees of higher eukaryotes, rang-
ing from worms to human [94—96]. Despite the merits of micrags such as inexpensive
cost and nonredundant readout of transcription level, saicay experiments share many
of the same drawbacks with cDNA sequencing or RNA-Seq as oregdiabove; in partic-
ular, detection of a transcript does not resolve whethargbding or not, or functional or

not.
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1.2.2 Possible sources of false positives

Recent detailed studies have highlighted the issue of falsiiyes resulting from technical
and biological drawbacks found in transcriptomic analy8is-99], challenging transcrip-
tomic results that have reported large numbers of ncRNAs amnbpive noncoding tran-
scription [100, 101]. The source of false positives is vasiobiological noise, technical
artifacts and coding transcript classification error.

All biological systems produce varying levels of errors ttubiochemical limitation of
their components. For essential processes that requighditielity, the cell devises several
proof-reading and correction mechanisms. However, it igassible to make error-free
cellular machinery. Transcriptional machinery can pradpartially processed transcripts
or generate random transcripts due to proximity to othemuaters or cryptic promoters
which are not genuine promoters. Splicing machinery coelilt in partially or totally
unspliced transcripts. Degradation machinery could miseesintrons that are spliced
out from coding transcripts or generate partially degradaadscripts. Struhl extrapolated
the fidelity of yeast RNA polymerase Il (pol Il) through chraimaimmunoprecipitation
experiments to measure the pol Il and TATA-binding proteiaupancyin vivo: by Struhl’s
calculation, around 90% of pol Il transcribed loci are expddo be nonfunctional “noise”
in transcription and an- 10*-fold pol Il initiation difference between an optimal sitechan
average noisy site is similar to the specificity of sequesmecific DNA-binding proteins
and other biological processes [102]. Also, through a chdfaracterization of RNA-Seq
results, Bakel and Hughes reported that most reported “ncRN#iscripts are intronic
transcripts that might be fragments of mMRNAs or intergeraagcripts which are located

near known genes, that is, byproducts of adjacent trartgorgd machinery, and that the
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remaining singletons have characteristics of random samfsom a low-level background
[103]. Furthermore, in the analysis of human chromosomerlloa 22 transcription, it
was shown that only-7-20% of the novel transcribed regions are conserved in thesm
genome whereas44% of the transcribed regions overlapping known genesarserved
[104, 105].

Several technical/experimental artifacts affect varisteps of transcriptomics. RNA
samples have low-level genomic DNA contamination, eveerdNase treatment. Due to
the fragile nature of RNA samples, fragments of coding traptccould be generated. In
the step of first-strand cDNA synthesis, wrongly primed ppicid could be generated. For
example, about 47% of FANTOM lll “noncoding” transcriptsany of which are intronic
transcripts, seem to be internally primed from genomieailtigoded poly-A stretches in
longer coding pre-mRNA transcripts by the oligo dT primer][98 a study by Kampa et
al. to compare different sample preparation methods bygudiffierent oligo probes and
hybridization materials (RNA vs. DNA) on the same microarpégtform, only~35% of
the positive probes overlapped with each other [105], windicates a high false positive
rate, probably resulting from both biological noise andchtecal artifacts. In microar-
ray experiments, both sequence-specific and non-speaBs-tybridization are an impor-
tant potential source of error. Attempting to increase weitg to detect low-copy RNA
transcripts exacerbates the problem of distinguishing signals from background cross-
hybridization. A careful reanalysis on microarray data bk&@and Hughes showed that a
small increase in sensitivity can cause a dramatic losseanifigity for detection of exons
over a broad range of parameter settings and that the estinpabportion of transcrip-
tion events in microarray experiments is consistently érghan that found in RNA-seq

experiments [103].
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Coding region classification errors can result from the usavefly simple criteria to
distinguish noncoding RNA from coding mRNAs; for example, aantioned above, the
FANTOM I project designated transcripts that have a leasth00 aa long open reading
frame (ORF) as noncoding transcripts after eliminating iegdranscripts detected by ho-
mology in DNA or protein level [29] even though many real gios are smaller than 100
aa. Surveying several methods for discriminating proteiding and noncoding, Dinger
et al. systematically documented the existence of coding AsRNat escape detection by
simple criteria of ORF length or by ORF conservation constrgifi6]. It was reported
that in mammalian proteomes, the ORF length~o8700 protein genes is smaller than
100 aa [107], and that many yeast “orphan” ORFs, which havenow/k homologs, have
detectable transcripts and/or translated products [188ine examples of small proteins
are 11 aa long TAL protein which has a role in fruit fly develagmnn[109], a less than 33
aa long Cg-1 protein controlling tomato-nematode inteoacfil10], and 75-140 aa long

CLE family proteins involved irArabidopsis meristem development [111].

1.3 Newly emerging ncRNAs: Results of pervasive tran-
scription

Transcriptomic analyses have been accumulating manynicessaof two new (but very gen-
eral and crude) kinds of ncRNA populations, long ncRNAs (IncBNand small ncRNAs
(SRNAs), together with novel protein genes, new alternbtisglicing exons, and antisense
transcripts, implicating that almost whole genome is p&xay transcribed [112, 113].

Many of those ncRNAs are patrtially or entirely overlapped hgtaer transcript in sense
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or antisense direction or located close to a neighboring gerantisense direction. Some
IncRNAs reside within an intron of another transcript or ia thtergenic region (incRNA)
[114]. According to Bakel and Hughes’s study on pervasivedcaption [103], only 2.2-
2.5% of reads of RNA-Seq transcriptome data are mapped im:gpratein related genomic
locations and most intergenic transcripts are adjacentigted to annotated protein-coding
genes either as extended transcripts or separate nondaatsgripts. Whether these RNAs
have functions is still controversial: those could be cepfliwith byproducts of natural
transcripts such as cis-natural antisense transcriptsRiMAnfragments as we discussed
above [115, 116].

A large number of SRNAs are associated with protein-codingegéen a variety of
ways: promoter-associated SRNAs (PASRs)[112], transoniart site (TSS) antisense
RNAs (TSSa-RNAs) [117], nuclear run-on assay derived RNAs (NE@\s) mapping
20-50 bp downstream of TSS [118], tiny transcription iiba RNAs (tiRNAS) mapping
20 bp downstream of TSS [87], promoter upstream transdffROMPTSs) mapping 0.5-2
kb upstream of TSS [119] and termini-associated sSRNAs (TASRS). Dissection of the
function of SRNAs might be highly challenging technicallychese biological effects of
individual sSRNA species may not be substantial enough to bectbl by current experi-
mental approaches [37]. Therefore, it is difficult to digtirsh genuine functional NncCRNAs
from these ncRNAs even though a few of them are functionailgidated.

Among recently reported ncRNAs, lincRNAs which are easilyesaple from adjacent
coding loci are relatively more probable to be novel indejgmly transcribed functional
NcRNA genes compared to other small RNA species in a transorgt Several previ-
ously recognized large ncRNA genes that regulate proteiimgogenes epigenetically or

at the transcriptional level also might be considered afidA. For example, HSR1 (heat-
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shock RNA-1) forms a complex with translation elongationda@EF1A and stimulates
trimerization of heat-shock transcription factor 1 (HSREd)induce the transcription of
heat-shock-induced genes indirectly [120]. The Xist gamkEsix gene (antisense to Xist)
are critical for dosage compensation in eutherian mamnsagéscmponent of the Xic (X-

chromosome inactivation center) [121, 122]. However,@lth a few lincRNAs defined
by the transcriptomic analysis such as a HOTAIR RNA have baeationally elucidated

[123, 124], for others we generally only know a tissue-sf@ekpression profile [125] and

most remain poorly characterized.

1.4 Transcriptome-independent ncRNA finding: Compu-
tational analysis

Besides transcriptomic approaches, which have generatedtanishingly large number
of controversial ncCRNAS, an alternative approach to find ncRMAcomputational predic-
tion of putative structural ncRNAs and cis-regulatory piotginding structural motifs in
MRNAs by identifying conserved patterns or stability of pcsell RNA secondary struc-
ture [126-128]. These computational approaches have alsergted large numbers of
NcRNA candidates, relatively few of which have been expemntaéy validated, as de-

scribed below in more detail.

1.4.1 Computational search by comparative analysis

One way to computationally find ncRNA genes is a homology $easing the evolution-

ary constraint information imposed by the secondary stinecand/or primary sequence
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of known ncRNA gene instances in a particular gene class oihyfain addition to gen-
eral homology search programs based on RNA family-specifabeispsuch as the Infernal
package [129], or other ncRNA homology search programs gekisingle RNA sequence
with its secondary structure as a query to search homologEmsences in database [130],
several family-specific ncCRNA genefinders [131-138] havenlayeloped for higher sen-
sitivity and specificity by adopting a probabilistic or histic model of family-specific
features. Even though these ncRNA genefinders are specailigdl and tuned homology
detectors, some are still limited by a high false positive.r&f course, homology detection
by similarity search is not suitable fde novo novel ncRNA genefinding.

De novo ncRNA genefinding is a more difficult problem than that of protsoding
gene finding [139]. Whereas protein-coding genes have lotsnotvn signals on the
gene structure such as start/stop codons and splicing stB&NA genes do not have such
common primary sequence features. Moreover, poor primagyence conservation of
NcRNA genes across species makes the problem harder for catmpaapproaches as
well. So, currentde novo ncRNA genefinders fundamentally rely on phylogenetic sec-
ondary structural conservation information with or withéteermodynamic structural sta-
bility information [126-128, 140] to find structural ncRNAsd cis-regulatory protein-
binding structural motifs in mMRNAs. For example, QRNA [126}igss a class to a ho-
mologous sequence alignment by comparing scores of thodmbilistic models: a pair-
SCFG (stochastic context-free grammar) “RNA’ model captyda-evolutionary patterns
of secondary structure, a pair-HMM (hidden Markov modelgdtein” model representing
triplet codon preservation, and a null “other” model emtpair sequences independently
from patterns. One problem of these phylogenetic appraaishthe difficulty of detect-

ing ncRNASs that are too conserved to show structure-induoadervation or too diverged
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to be accurately aligned, or that are unstructured or lesststed, such as the C/D box
snoRNA family. Another more serious problem is high falseifpas prediction rates of
the current programs. For example, Balebéil.'s tests on several ncRNA search tools with
shuffled alignments while preserving dinucleotide frequyeshowed high false positive
rates; the score distributions on tiling windows of humaouse alignments of chromo-

some 19 and the shuffled alignments are not distinguishag [

1.4.2 Computational search by gene composition

Some special organisms, specifically hyperthermophilage lallowed some unusual ap-
proaches independent of conventional ncRNA discovery naetlogy. A simple screen
for GC-rich regions in the AT-riciMethanococcus jannaschii and Pyrococcus furiosus
genomes provided ncRNA gene candidates, due to a strong DN¥dasitional bias to-
ward G/C residues in structured ncRNA genes of some hypentigrile genomes [26] to
make more stable RNA structures in a high temperature enmienih This screen found ap-
proximately five novel ncRNA genes in each organism. The smaiiber of novel ncRNA
genes is a stark contrast to ncRNA discovery efforts in othgaidsms with conventional
transcriptomic or computational approaches, but it may e td the characteristics of
these hyperthermophiles: such as, selection against thefuscRNA genes due to the
constraints given by a high temperature environment aralfetatively small genome in
which the predicted protein-coding gene count is about dfathat of Escherichia coli.
Alternatively, a small number of ncRNAs might be predicteddaese of limitations in the
NcRNA genefinders. This computational search using therdiifee in gene composition

also has been applied into other AT-rich genomes, and sitoildnese hyperthermophiles,
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only a small number of novel ncRNA genes has been discoveestimgenome [142, 143].

1.5 Conclusion

Even though computational ncRNA predictions by using basgposition difference in hy-
perthermophiles or other AT-rich genomes provided a fewehaeRNA candidates, both
transcriptomic approaches and other computational predgfor ncRNA detection have
resulted in controversial reports of surprisingly largentbers of ncRNAs in a wide vari-
ety of species. These ncRNAs are a mixture of functional ncRKAogical background
noises, technical artifacts, novel coding mRNAs, and/ormatational false positives. Al-
though some putative ncRNA candidates show cell-type speapifiression, developmen-
tally regulated expression and/or subcellular local@atithese correlations cannot neces-
sarily imply biological functionalities. Without a detaed careful examination of the iden-
tities and functions of these putative ncRNA candidates,ritgither possible to accurately
estimate the functional ncRNA content in a genome, nor tolcolecwhether a genome is

pervasively transcribed or not.

20



Chapter 2

Our approach

Independent of conventional transcriptomics and commurtakncRNA prediction approaches
that generates an overwhelming number of ncRNA candidatelsiding many false pos-
itives, a different systematic ncRNA identification approacight help to address a cur-
rently unsolved issue, the number of independent functiooBNA genes in a genome.
Transcriptomics does not distinguish genic from nongemaiedcripts, noncoding from cod-
ing, functional from nonfunctional. Though these are mdmggs that RNA could be do-
ing, it would be nice to at least be confident of ncRNA geness ithiwhat aOxytricha
screen looks for. Although several studies show specificessgion profiles on some of
NcRNAs resulted from the transcriptomics [100, 144, 145sthpatterns itself could not
provide information about their functions. They providepbtheses about the possible
functions solely based on the correlation. Also, other ncRNXAmM the transcriptomics
might be byproducts of noisy eukaryotic transcriptionatree that have no function as
NncRNAs although transcriptional event itself may have adgwal functionality, which is

difficult to be distinguished from independent ncRNA genewlich transcribed products
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itself have a function on the cellular process. Moreoves,dhallenge is to figure out how
these ncRNAs are generated exactly. For example, there rajgpba ncRNAs produced
from enhancers of coding genes [146], but because enhacaerbe distant from their
gene, it is difficult to distinguish enhancer-associateBNM& transcription from an inde-
pendent ncRNA gene. Distinguishing independent functiom&NA genes from other
sources of putative ncRNAs would be a step towards focusifugtefn specific classes
of ncRNAs and RNA function, rather than treating all “ncRNAs"daimcRNA genes”
as a homogeneous class. Therefore, an important questabinals not been addressed
well by current approaches, “How many independent funetiocRNA genes exist in the

genome?”, could be answered Oytrifallax at least in part.

2.1 Oxytricha trifallax

Oxytricha trifallax (also known asterkiella histriomuscorum [147]) is a unicellular cili-
ated protozoan in clagpirotrichea, one of the extensively studied classes among 10 ciliate
classes (Figure 2.1.A). Ciliates, known as a birthplacelofitere biochemistry [148] and
self-splicing Group | intron RNA study [42], diverged fromhetr microbial eukaryotes,
so they are a phylogenetic outgroup of the crown eukaryotekiding metazoans, plants,
and fungi.Oxytrichais also quite diverged from two other sequenced oligohympbaman
ciliates, Tetrahymena thermophila [149] andParamecium tetraurelia [150].

Ciliates (phylum Ciliophora) have a nuclear dimorphism: dadgpmeiotic germ-line
nucleus (micronucleus) and a somatic nucleus (macronsicl&e number of each nuclear
type per cell varies among ciliate®. trifallax has two micronuclei and two macronuclei.

The micronucleus mainly serves as the template materialglaonjugation and is almost
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transcriptionally silent. Conversely, the macronucleua tEaghly specialized expression
organelle providing all genes for normal cell function dhgrivegetative growth and asex-
ual reproduction [151, 152]. After several cycles of aséxaproduction, some ciliates
entirely lacking micronuclei occur in the wild [153]. Thedicycle of ciliates is simple:
in the absence of food, it forms a cyst, a biologically inern of the ciliate that retains
only one macronucleus and one micronucleus, or undergdlesatng, and otherwise, it

proliferates continuously (Figure 2.1.B) [154].

2.1.1 The genomic characteristics oD. trifallax

The micronuclear genome consists of several large chromessimilar to typical eukary-
otic chromosomes. Genes are scattered along the chroma@sualhreee separated by large
stretches of “spacer DNA’, which seems to provide a safeepfac the invasion of for-
eign DNA sequences, as a defense mechanism. The microngeleas are enigmatically
interrupted by multiple A/T-rich noncoding sequencesezhihternal eliminated segments
(IESs), which will be spliced out during macronucleus depetent [155] (Figure 2.2.A).
Most IESs are intact- 4-5 kb long transposons, and short IESs (less than 0.5 kb) tee
be degenerated non-autonomous transposons that retaiistheting sequences required
for precise excision. Most IESs in hypotrichs are less ti@hdp long. It is estimated that
there are 100,000 to 200,000 IESs per haploid genome [15¥.tdlomeres of micronu-
clear chromosomes are made up of hundreds of duplex repiets sequence’8C,A,-
313-G,T,4-5 and terminate with a “t-loop” that provides a general me@rarfor chromo-
somal end protection and telomere replication [156, 15Fg fFloop is stably formed by a

foldback of a single-stranded il into the downstream double-stranded telomere repeat
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A. Light micrograph of Oxytricha trifallax
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B. Life cycle of Oxytricha trifallax
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Figure 2.1: Life cycle of. trifallax
A. A light micrograph of the stretche@xytrichatrifallax due to Protoslo (protozoa quieting solution) slowing
the movement of cells to keep them in focus and in the field@fnivhile preserving characteristic motion of
cells. Several structural features are detectable undlgntanhicroscope without staining®. The macronuclei
are represented as big circles and the micronuclei aresepted as tiny circles to express their cytological
size although the haploid complexity of the macronuclearogge sequence is much less than that of the
micronuclear genome sequence.



region. The micronucleus undergoes meiosis during celingaiwo haploid micronuclei
exchanged between two cells in a mating pair are fused to &odiploid zygotic nucleus
in each cell. After separated from a mating pair, unusedddphicronuclei and the old
macronuclei are destroyed, and at the same time, a new membteos develops from a
mitotic copy of the newly formed diploid micronucleus (Frgi2.1.B) [154].

The macronuclear genome consists of many small, lineant@acehromosomes which
are produced from the micronuclear genome by a baroque nciRiy&ndent process of
splicing out the micronucleus limited sequences duringigbegonjugation. This process
includes not only genome fragmentation and spacer DNA eltion, but also rearrange-
ment and unscrambling of the macronucleus destined segsiéM®Ss) that are separated
by an IES, in some ciliates includin@xytricha [153, 158-161] (Figure 2.2.A). These
DNA processing events apparently depend both on the panepefats that flank IESs for
recombination and on nongenic transcription of long RNAD[162], even though the de-
tailed mechanism in each gene in each ciliate might be diffierAt least inTetrahymena,
these events involve large numbers of Argonaute-bound| $diN#As [163—-166]. The de-
gree of genome fragmentation varies among ciliates. Itesan extreme in the spirotrich
ciliates includingOxytricha, Stylonychia, andEuplotes, where the macronuclear genome
is composed of many thousands of gene-sized nanochromega6¥# 168]. InOxytricha
trifallax, the micronuclear haploid DNA content efl Gb is reduced by 95% te50-55
Mb of sequence complexity in the macronucleus. The mactensgs thought to contain
~17,000-25,000 different nanochromosomes almost entinellye range of 1-8 kb, with
a mean of 2.2-2.5 kb [153, 169, 170]. Each nanochromosommmifeed to an average
copy number ok 1000. Remarkably, each nanochromosome usually contaigsasih-

gle gene, which usually has just a few small introns with agrage 118 nt, and also has
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very short 5and 3 UTRs with a median length of about 130 nt and short subtelanmem-
coding sequences and telomeres [171-174]. A typical exaof@ nanochromosome that
represents well these characteristics is shown in Fig@.82Some macronuclear chromo-
somes are generated by alternative fragmentation of thyggoa chromatids during differ-
entiation, reproducibly [175, 176]. One alternative fragration mechanism seems to be

correlated with a variant form of telomere addition withinLOObp subtelomeric regions.

2.2 Our approach

If eukaryotes generally have a large proportion of indepahchcRNA genes, then the
Oxytricha macronucleus should have a large proportion of noncodingeteomosomes.
In effect, in these ciliates with gene-sized nanochromasie organism itself has solved
the hard eukaryotic genefinding problem for us. Most gendstagir cis-regulatory signals
have been isolated on individual chromosomes, their lonatdemarcated by telomere ad-
dition, and most of their nonessential noncoding DNA hasbaeninated [173]. Given
the assumption that most nanochromosomes contain a sieigéeig it, we can identify and
discard nanochromosomes carrying protein-coding genesg@the macronuclear genome
sequences, because identifying coding genes computkyisar easier than identifying
NcRNA genes. Coding gene identification@xytricha is even easier than in many eu-
karyotes, because its protein-coding gene structuresmpdes with few introns, and those
introns that do occur are small, with a mean length of 118®8[174]. The resulting sub-
set of apparently noncoding nanochromosomes should behexrior nanochromosomes
carrying independently transcribed ncRNA genes. We toolaaidge of the availability

of a draft macronuclea®. trifallax genome sequence assembly [168] to conduct such a
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A. Process of macronucleus formation
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Figure 2.2: The micronuclear and macronuclear genong ufifallax

A. Organization of micronuclear chromosomes and genes. Ttrmiclear genome is processed to generate
the macronuclear genome. Arrows and numbers below or ahevadcronucleus destined segments (MDSs)
indicate the relative direction and order of segments imtaeronuclear genome to explain the rearrangement
process of the scrambled MDSs. Dark gray regions in the M@Bgesent the subtelomeric regions in the
macronuclear nanochromosonfe. An example of a macronuclear nanochromosome with GC rato the
chromosome, gene structure, and genome sequence. Thge@Caratio of theD. trifallax draft genome
assembly is 0.34 which is indicated as a dotted line in gr@hratio is calculated by sliding 50 nt segment

window with 10 nt step size.
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screen.
To winnow out nanochromosomes containing protein-codiegeg, we developed a
nanochromosome classifier “nanoclassifier” based on a Hidd@kov Model (HMM)
that is easier to train and adjust for a desired sensitspitificity tradeoff, than conven-
tional custom-trainable genefinders. We conducted cortiparanalyses on the related
ciliate Sylonychia lemnae to remove false positives from the nanoclassifier, to finadfun
tional conserved ncRNA genes, and to refine the possible gegiens within a noncoding
nanochromosome. For the final ncRNA candidate gene sets, pegigentally validated
theirin vivo transcripts with Northern and RACE-PCR and manually analyzeadonsen-

sus secondary structures and regulating elements if pessib

2.3 Outline of this work

Chapter 3 surveys non-redundant full-length nanochromesdrmom the draft genome as-
sembly ofO. trifallax and describes how the known ncRNA genes are distributed on the
nanochromosomes and the experiment used to charactevizedmoplete and how biased

our sample of nanochromosomes is.

Chapter 4 details the computational ncRNA screens we desigmeécexecuted. Techni-
cal specifications of nano-classifier and nano-genefindebwileare described and how

the comparative analysis was conducted @ittemnae genome is illustrated.

Chapter 5 describes how the ncRNA candidates in the compoddifeidentified final data

set were verified with Northern and RACE-PCR experiments aralldéhe characteristics
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of ncRNA candidates.

Chapter 6 describes the conservation and transcriptioaalres of a novel ncRNA family,
which we called the Arisong RNA, in four ciliate species and@pates about the possible

function of this family.

Chapter 7 investigates other ncRNA genegintrifallax which are not detected in this

screen to examine the soundness or weakness of this screen.

Chapter 8 offers a brief description of the result of this enrand concluding thoughts
on the number of independently-transcribed ncRNA geneé®gtricha and other eukary-

otic genomes.

Appendix A describes tRNA gene analysis on the t@atrifallax dataset; Appendix B
lists coordinates of telomere endpoints of a subset ofléulsth Oxytricha nanochromo-
somes (WGS2.1.1 dataset among stage 3 dataset); AppenditalGgsaall theOxytricha
genes which were mentioned in this screen; Appendix D dyspNorthern blot of some
of known ncRNA genes iOxytricha and lists all Northern blot oligonucleotide probes;
Appendix E lists RACE-PCR gene-specific probes; Appendix Flayspthe results of
comparative analysis on the final candidate data set (staig¢aSet); Appendix G shows
sequence alignments of regulatory motifSQntrifallax andS. lemnae; and Appendix H

mentions programs and databases we used, and data aitgilabil

Chapters 2 to 8 and the appendices are derived from a pubiistpeat:
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S. Jung, E. C. Swart, P. J. Minx, V. Magrini, E. R. Mardis, L. Fnaeber, and S. R.
Eddy. ExploitingOxytricha trifallax nanochromosomes to screen for non-coding RNA

genesNucl. Acids Res,, in press, first published online June 28, 2011
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Chapter 3

O. trifallax genome sequence

O. trifallax macronuclear genome sequencing is an ongoing projectghrooilaboration
between the Genome Center at Washington University and theweber laboratory at
Princetonht t p: / / genone. wust | . edu/ genones/ vi ew oxytricha_trifallax/].
We utilized the draft genome assembly data and conductedaenalyses on this incom-

plete dataset as a computational screen for independestidoal ncRNA genes.

3.1 O.trifallax draft genome assembly

We obtained two draft datasets fOr trifallax genome sequence: a “WGS” dataset and a
“pilot” dataset.

The WGS dataset is a prepublication whole genome shotguh asa¢mbly version
2.1.1 (June 2007), comprising 54982 contig sequences (B)2averaging 1.44 kb in
length. Whole cell DNA were prepared from vegetatively gmogviO. trifallax strain
JRB310 [173] and7kb nanochromosomes were selected by gel purification tal de

abundant rDNA nanochromosome. Nonetheless, this sizeédnation captures the great
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majority of the macronuclear genome, which is primarilygagigin 1-8 kb [153, 169, 170].
After excluding singletons, PCAP[177] assembled 728,035 20 shotgun reads (583.7
Mb) into contigs. Overall assembly contiguity is less thaattexpected given the 7.4X
mean shotgun coverage in part because macronuclear nanumomes have variable
copy numbers and coverage per nanochromosome is non+ufyfdistributed. The as-
sembly also appears to be contaminated with a se@ugtiticha strain, 510, and with bac-
terial DNA from food in the culture. Surprisingly, a subgiahfraction of contigs retains
vector sequences at both or either ends of contigs of valemgth. For instance, among
contigs that have detectable telomeres at the both endg®vi§s contair>> 100nt vector
sequence on one or both ends.

The “pilot” dataset is a collection of pilot sequencing datamprising 1976 com-
plete nanochromosome sequences (1.96 Mb) averaging 0.8 ldngth. It consists of
254 complete nanochromosome sequences from a Princeadnflilbt genome project
[168, 173, 174], 1707 nanochromosomes generated by pamgdsequencing of full-
length plasmid inserts cloned from a size-selectddb nanochromosome fraction, the
7.6 kb ribosome DNA nanochromosome, and 14 additionallémgth nanochromosome
sequences.

Overall, the combination of the WGS and pilot datasets ctasis56,958 sequences
(total 81,114,275 nt), with contigs ranging from 42 to 1%8# and averaging 1.42 kb in

length.
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3.2 Non-redundant full-length nanochromosomes: stage 1

dataset

Our screening strategy involves classification of fullgmnanochromosomes as coding or
noncoding, so we should begin the screen with full-lengttochromosomes. The genome
assembly is somewhat crude, with a large amount of untrimmetbr sequence, many in-
complete contigs, and some bacterial contamination. From\WGS and pilot genome
datasets, we extracted a nonredundant, merged set of grtgeirfull-length Oxytricha
nanochromosomes (the “stage 1” dataset). All 1976 contighe pilot dataset were as-
sumed to be full length. In the WGS 2.1.1 assembly, we searttieeterminal 400 nt of
each contig end for matches to partial telomere consensuesees ([CCCCAAAA] at
each contig’s 5end and [GGGGTTTT]at the 3 end) after removing any flanking x’s by
requiring a local Smith/Waterman alignment score>080 using gapcost = -3, match = 5,
mismatch = -4. If a telomere was identified internal to thetigynve required that the extra
flanking sequence matched the known cloning vector withast|80% identity through a
glocal (global with respect to the vector, local with redgedhe nanochromosome) align-
ment using gapcost = -2, match = 5, mismatch = 1. This definedrtimimal telomere
endpoint coordinate. A small number of nanochromosomes waédditionally defined as
“full length” after further inspection of borderline ressil We identified 8565 complete
nanochromosomes in the WGS 2.1.1 assembly by this procet@inestelomere endpoints
coordinates of a subset of them (stage 3 dataset) are lis#&jpjdendix B.

To remove nanochromosomes that appear redundantly infmghlot and WGS datasets,
we used WU-BLASTN with default parameters to identify neaaritical pairs that satisfied

E < 10719 and % identity> 98% and which differ in length by< 10% of the longer se-
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guence. We chose one sequence of such pairs at random ythenetving 894 redundant
sequences.

The stage 1 dataset consists of 9647 full-length nanoclsome sequences of average
length 1.9kb. Four typical examples Okytricha full-length nanochromosome organiza-

tion are shown in Figure 3.1, including annotations by meéshee describe below.

3.3 Quasialleles in the draft assembly and stage 1 dataset

There are usually several identical or near-identical €®pif each locus in the assembly.
Highly identical contigs were removed from the stage 1 dstadowever, even after this
step, the stage 1 dataset still includes some very similpiescof each locus. The full-
length chromosomes in the stage 1 dataset can be groupethiiseyen nanochromosomes
with approximately 3.4% mean sequence difference. Theuldze several explanations
for this.

Oxytricha is a diploid. The sequencédkytricha culture was an inadvertent mixture of
two mating types, 310 and 510 (Laura Landweber; personahugmctation). The study
on IESs and introns dDxytricha 81 locus bySeegmiller et al. estimated the divergence of
these two strains at about 0.1 changes/site, but did noeasldine allelic difference within
each strain [179]. However, this divergence rate was caiedlfrom non-coding regions
of DNA, so it is not directly applicable to distinguish aksl of ncCRNA genes. There
also appears to be a substantial fraction of alternativelggssed nanochromosomes with
different sizes and breakpoints. Without a micronuclearogee sequence and a more
complete assembly, we cannot distinguish alleles, predfclternative DNA processing,

and highly identical paralogs.
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A. telomere-end binding protein a (TEBPa) (21eent) B. U2 SNRNA (471nt) C. histone H3 and tRNA (1259nt)
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Figure 3.1: Examples d. trifallax nanochromosomes.
A. A typical nanochromosome containing a single proteinsegdjene (telomere-end binding proteii;
B. A typical nanochromosome containing a single ncRNA gene gbRRNA); C. A nanochromosome con-
taining both a protein-coding gene (histone H3) and an nciglie (a tRNA-His)D. A nanochromosome
containing two protein-coding genes (omybl and orpb9).aDatcks below each nanochromosome show
some of the features we used in suggesting regions of coditenfial, conservation, and/or functionality,
as follows. nano-chr. structure: gene structures as annotated in GenBank (A,D) or predinyeds by
similarity (B,C). GC%: calculated GC% in sliding 50nt windows with 10nt step sitee(average GC%
of O. trifallax is 34%, and a higher GC ratio tends to correlate with genioreg; ID% S. lemnae DNA:
best WU-BLASTN matches t8tylonychia lemnae shotgun sequence data (see Methopsgdiction: cod-
ing gene prediction from oudxytricha genefinding program (nanogenefindgmptein/RNA DB similarity :
best significant WU-BLASTX matches to NCBI NR protein databescludingO. trifallax proteins (black)
or Infernal cmsearch [129] matches to the Rfam RNA databibag] [[blue).

35



Operationally, we manually grouped highly identical lo@yghly >85% identical in
DNA sequence flanking each locus) into what we call “quasigligroups. In this thresh-
old, we generally identify up to four apparent “alleles” afyagiven sequence, which can
be reasonably interpreted to include two alleles for eaehrstFor each quasiallele group,
we assign a representative locus. In subsequent sectiensefer to numbers of “dis-
tinct” (representative) loci versus total numbers of seges including “quasialleles”. We
named and numbered each distinct locus “Oncl”, “Onc2”, @be.” Oxytricha noncoding
candidate”), and numbered each additional quasiallelec1?i, “Oncl.3", etc. Names,
coordinates, and other information for all examined lawutjuding candidate loci described

in the screen below, are listed in Appendix C.

3.4 The “known” ncRNA gene distribution in the stage 1
dataset

Previous studies indicate th@xytricha nanochromosomes usually contain just a single
gene [168, 172, 174, 180] with a few exceptions [172, 179, 182], but these studies were
largely focused on coding genes and were based on small msrmbeanochromosomes.
Our screening strategy depends crucially on an assumpigdmtRNA genes usually occur
alone on their own nanochromosome, with no coding gene osahe nanochromosome.
To test this assumption, we first investigated the 24 pubéicailableO. trifallax nanochro-
mosomes for their potential to contain ncRNA genes on the sdmmmosome. Among 24
NCBI-retrievedO. trifallax nanochromosomes, only two nanochromosomes encode two

protein-coding genes. We cannot detect any prominent kmmMNA homologs by using
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the cmsearch program of Infernal 1.0.2 [129] against 13 RN# models in the Rfam 9.1
database [178].

Next, we identified homologs of known ncRNA genes in the staglathset and ex-
amined those ncRNA-containing nanochromosomes for prat@iling potential. The cm-
search program was also used to search 9647 stage 1 nanosbroes at an € 0.001
threshold per query model and 461 hits met this thresholdmafeually removed 324 hits
that we judged to be either redundant (different Rfam modelthe same family: snoU18
and SNORD18) or false positives, including 318 weak miRNA Einties (most of which
fell in telomeric repeats, and all of which appear to be faesitives). Remaining were
135 ncRNA homologs from 11 Rfam families on 134 different ndmomosomes, includ-
ing 106 transfer RNA (tRNA) genes (Table 3.1). In all but oneectimt has homologs of
two known ncRNA genes, RNase MRP and snoZ 196, we found a singlidAtomolog
per nanochromosome.

To estimate how many of these 134 nanochromosomes contdingcgenes in addi-
tion to an ncRNA gene, we masked the homologous ncRNA regiarssanl extra 20nt on
each side of the identified Infernal alignment, by convertile sequence to N's and any
vector sequence was removed using telomere endpoint cabegi described above. One
nanochromosome carrying the ribosomal RNA genes, which wergified by the pres-
ence of 5.8S rRNA, was manually masked for SSU rRNA and LSU rRNAdmparing
with Tetrahymena ribosomal RNA gene sequence because Rfam does not includéetemp
models of the large SSU and LSU rRNAs.

Three different methods were used to look for possible apdames: (1) BLASTX for
the identification of significantly similar regions to thenmtated proteins in the database.

(2) BLASTN for the examination of significant sequence covagon with Stylonychia
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Table 3.1: Coding potential of n\cRNA gene-containing nanogiosomes.

NcRNA Rfam accession # nanos XINR N/Sty nanocl any all
tRNA RFO0005 106 51|35 19|41 22|66 34| 68 35|35 19
5S rRNA RF00001 13 1

5.8S rRNA RF00002 1 1

u2 RF00004 4 1

U6atac RF00619 2 1 . . 2 1 2 1 2 1

SRP RF00017 1 1 1 1 1 1 1 1 1 1 1 1
snoU18 RF01159 3 1 . . . . 1 1 1 1
RNaseMRP,sn0Z196 RF00030,RF00134 1 1 . . . . 1 1 1 1

SnoR38 RF00213 1 1 1 1 1 1 1 1 1 1 1 1
snoMe28SCm2645 RF00530 2 1 . . . . 2 1 2 1

Total 134 60 | 37 21|45 25|74 40| 76 41| 37 21

The first two columns show the names of known ncRNAs and tleeiegsion numbers in the Rfam database
[178]; the third column, “# nanos” is the number of nanochosomes found to contain homologs of these
known ncRNASs; both the total number of loci including all gigleles, followed (in bold) by the number of
distinct loci. “X/NR”, “N/Sty”, and “nanocl” columns showhie number of these nanochromosomes that have
significant similarity to known proteins by BLASTX, the nuatbwith another region of significant DNA
conservation witt8tylonychia by BLASTN, and the number with coding genes called by our nkassifier.
The final two columns show the number that are called codirgt byast one of the three methods (any), and
the number called coding by all three methods (all).

lemnaet. (3) Our nanoclassifier for the detection of protein codimege potential. For
detection of the similarity to known proteins, WU-BLASTX wased on the NCBI NR
database with “filter=seg filter=xnu C=6" (C=6 is the ciliatengéc code) options and
with a £ < 10° threshold. For investigating genome sequence consenvatidhe close
ciliate genome, WU-BLASTN was used to ofliylonychia shotgun data with “filter=seg
filter=dust” options and with a® < 10~!° threshold, and additionally requires 70%

sequence identity for the best alignment. For the nanatikssve used aP < 0.09

threshold, based on the benchmark ROC curve which will berdeesd in the next chapter

in Figure 4.2.

a description of this genome assembly will be discussedeméxt chapter in detail
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Results are summarized in Table 3.1. BLASTX detects 37/13%J2&ith significant
similarity to protein sequences in the NCBI NR database. BLASEMNCcts 45/134 (34%)
with additional DNA conservation t&ylonychia. The nanoclassifier calls 74/134 (55%)
of these as containing coding sequence.

Each method for detecting coding genes has limitationserims of both sensitivity
and specificity. In terms of sensitivity, rapidly evolving ‘@xytricha-specific” genes will
not be detected by BLASTX to the protein database or even by BIM\® Stylonychia.
Some will not show BLASTN hits t&tylonychia due to the partial coverage of o8ty-
lonychia shotgun data. Our nanoclassifier has an estimated codisgigiyof about 94%
(Chapter 4). Analysis of a randomly chosen set of 200 stagen@éamiomosomes showed
130/200 (65%) with BLASTX hits to NR; 148/200 (74%) wigtylonychia BLASTN hits;
and 189/200 (94%) called coding by the nanoclassifier. loalnall Oxytricha nanochro-
mosomes carry at least one coding gene, these numbers vwprlokanate the sensitivity
of each method. In terms of specificity for coding regionsnescRNAs show BLASTX
hits to the “protein” databases because some noncoding RNésgeave been erroneously
translated and deposited in the databases. BLASTN congertatStylonychia can have
multiple interpretations besides a conserved coding regneluding an ncRNA or a large
regulatory DNA sequence. Finally, we determined that omocassifier has about a 17%
false positive rate (Figure 4.2).

Using these expected false negative and false positive, nate can extrapolate a cor-
rected rough estimate of the total number of coding regionkhéese ncRNA-containing
nanochromosomes. Correcting the BLASTX results for a 65%ithatys (and assum-
ing that essentially 100% of BLASTX conservation is truly doecoding regions) gives

0.28/0.65 = 43% of ncRNA-carrying nanochromosomes estidrtatalso carry one or more
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coding genes. Correcting the BLASTN results for 74% sengjitfand ignoring possible
false positives from noncoding conservation) gives 0.34/&- 46%. Correcting the nan-
oclassifier results for 94% sensitivity and 17% false pes#igives (0.55 - 0.17) / (0.94 -
0.17) = 49%. Therefore we conclude that about 50-60% of ncRbiAtainingOxytricha

nanochromosomes carry no coding gene, at least for the khgwveis of ncRNAs we can

identify by homology searches.

3.5 The completeness and bias of the stage 1 dataset

The stage 1 dataset is an incomplete sample of the macranggaome. It was not feasi-
ble to obtain a complete assembly. One difficulty is that teswal properties ddxytricha
nanochromosomes tend to violate assumptions made by stmdauction-scale genome
sequencing methods. Improving the quality of the assenilkdyyl will require a nonstan-
dard assembly effort beyond the scope of this work. Howdemrause our main question is
about the relativgroportion of independent functional ncRNA genes versus coding genes,
not absolute numbers, a statistical sample of the genomeuwiiice, provided it is suffi-
ciently unbiased. We therefore sought to characterize ehgpteteness and the two most
important sources of potential bias in the stage 1 dataséd/laws.

We estimate that the dataset includes 40-65% of the madearugenome, based on
two different estimates. First, by dividing the kinetic colexity of the macronucleus (50-
55 Mb) by the average nanochromosome size (2.2-2.5kb) [163, 170],Oxytricha is
thought to contain about 20,000-25,000 different nanatimsomes; 9,647 would repre-
sent around 40-50% coverage of the genome. Second, we radasaverage of a set of

conserved core single-copy eukaryotic protein genes [183]
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Parraet al. described a method to estimate the completeness of a etikaggmome
assembly by assessing the presence of 248 “core eukaryiesy (CEGS), chosen for
their wide orthologous conservation but low frequency afapegous duplication [183].
We modified and simplified their method described in [184]dee on a low-pass, low-
contiguity shotgun assembly without full-length gene pegdns. We searched each CEG
with TBLASTX against each of our ciliate datasets, collea#dhits of £ < 10719, calcu-
lated what fraction of each CEG sequence was covered by thgsmants. We considered
the CEG “present” if this fraction was 70%. By this definition, 215~87% coverage) in
the combinedOxytricha WGS+pilot dataset, and 162-65% coverage) in th®xytricha
stage 1 dataset.

Similarly, completeness can be estimated by counting theawed single-copy cod-
ing genes (CSCCGs) using tfetrahymena genome sequences as a outgroup reference
genome among the available sequenced ciliate genomesthHdbtheParameciumgenome
is problematic due to whole genome duplications. Using impke TBLASTN approach
to detect conserved coding genes fr@xytricha and Stylonychia to Tetrahymena, each
CSCCG can be used to estimate the coverage of each other genomeve, this gives
much higher coverage estimation than expecte8B06 coverage igtylonychia and~97%
coverage irDxytricha). Also, when using the resulting CSCCGs sets as a reciprocal dat
set to reestimate coverage in each other genome, it givgsliflarent coverage estimation
(~47% coverage istylonychia and~849% coverage iOxytricha). So this approach using
simple schematics was not deemed reliable.

Even though the dataset of full length nanochromosomestimated to be only 40-
65% complete, in principle even just a small sample of abdutradred would suffice to

investigate the proportion of noncoding nanochromosoreedpng as that sample was
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random and unbiased. However, there are two important eswfcbias to consider in the
stage 1 dataset as follows.

We expect a bias towards shorter nanochromosomes. Sharteciiromosomes are
easier to assemble, and the WGS part of the assembly is frore-&eslected<7 kb frac-
tion of macronuclear DNA. We compared the length distrinutdf the stage 1 dataset to
two different estimates of the actual length distributiéthe overall macronuclear genome
(Figure 3.2). The actual distribution has been charaadrizreviously by measuring the
contour lengths 01000 individual nanochromosomes in electron micrograf@8]. We
extracted the EM contour length histogram from referen@®]1 The actual distribution
also can be obtained through digitizing an ethidium-sthegarose electropherogram used
generally for nanochromosome detection. We extracted pitensities from a digital im-
age of an ethidium-stained agarose electropherogradwyificha DNA and averaged over
sections of 0.1 kb as measured from adjacent size standeasianing a logarithmic rela-
tionship between gel migration distance and DNA length inleotides. Intensity values
were assumed to be proportional to DNA mass because ethidiam intercalating dye
and converted to relative molar nanochromosome abundande&/iing by DNA length
[185].

Both methods produced similar overall length histogramser@\; nanochromosomes
have a mean length of 2.2-2.5 kb, ranging up to 10-20 kb, vélsettee stage 1 data have a
somewhat smaller mean length of 1.9 kb, ranging up to 13.8Aklmut 2% of nanochro-
mosomes run out on a gel are larger than 7 kb, whereas onlgamgs in the stage 1 data
are longer than 7 kb (0.1%). This indicates substantial 20xlersampling of the 2% tail
of longest nanochromosomes. About 15% on a gel are 4-7klrewhe have 202 contigs

in the stage 1 data (2%), indicating moderate (7-8x) und&piag in this length range.
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Figure 3.2: Length distribution of full-length nanochrosomes
The length distribution of the stage 1 dataset (solid lime) ather reference length distributions; The dashed
line shows the actual nanochromosome length distributtoaséimated from an agarose gel electrophero-
gram, and the dotted line shows the actual nanochromosamy¢hle@listribution as estimated by Swanton
et al. [170] from contour length in electron microscope iesg

For the 80% of nanochromosomes that adkb, there is only a modest sampling bias.
The principal concern with a bias towards shorter nanochsaimes is that we could
overlook ncRNA genes like the recently described mammadbag intergenic noncoding
RNAs (lincRNASs) [88, 186]. However, lincRNAs are only “long”la¢ive to other previ-
ously well-studied ncRNAs, which are often 100-400 nt. MarfiamdincRNAs seem to be
about the same length distribution as coding mMRNAs. AccgrtinGENCODE v4 tran-
script annotatiofy human lincRNAs and protein-coding mRNA transcripts shownalar
length distribution, with mean lengths of 2.4 kb versus 23 despectively (Figure 3.3).
The length distribution of the stage 1 dataset covers that gnajority of coding nanochro-

mosomes, so it is also expected to cover lincRNA-like ncRNAegerSecond, and more

2ht t p: / / ww. gencodegenes. or g/
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Figure 3.3: Cumulative length distribution of human genes
The solid line represents the cumulative length distrdoutf the transcripts of human protein-coding gene
and the dotted line shows the cumulative length distriloutibthe transcripts of human lincRNA genes. Two
vertical lines represent the median length of the eachilligion.

generally, if a class of large ncRNA-containing nanochrooness were present even at a
few percent, we would have expected to sample some noncodmgrhromosomes among
the 211 nanochromosomes longer than 4 kb in the stage 1 tatase

We also expect a bias towards assembling more abundant¢bjghnumber) nanochro-
mosomes, which get higher sequence coverage. Bagtnicha nanochromosome occurs
with a mean of~1000 copies per macronucleus [153, 170], but some nanodsames
are known to be maintained at different copy numbers. The extgeeme case is the rDNA
nanochromosome, found to be present at about 100,000 coples rDNA appears as
a prominent 7.6kb band on agarose gels of macronuclear DISB][Wwhere a distinc-
tive species-specific pattern of 100-200 overrepreserdaddis also seen [187]. Several
examples of about six-fold copy number differences haven lmdeserved when the copy

number of individual non-rDNA nanochromosomes has beersared [188, 189], and a
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few cases of extreme overamplifications have been obseru@agdorolonged vegetative
growth [190]. However, reassociation kinetics experimdrave shown that bulk macronu-
clear DNA reanneals as if the great majority of sequencesranaoughly equal numbers
[151, 169, 191]. In order to gauge the extent and impact of caymber control, we exam-
ined the distribution of sequencing coverage of indivicaedembled nanochromosomes in
the WGS subset of the stage 1 data. We found a right-skewatbdigin ranging from
1.1- to 87.4-fold coverage, with mean 10.4, median 7.3, anwbde of about 5 (data not
shown). As expected from previous published results, thieage distribution is con-
sistent with nonuniform copy number varying over perhapsmer of magnitude, and it
appears we have likely sampled the bulk of that distribut@ombined with the estimate
of 40-65% completeness of the stage 1 dataset, it seemelyriiitat a population of low-
copy ncRNA-carrying nanochromosomes exists that has beeerlgmissed, as opposed

to somewhat undersampled.
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Chapter 4

Computational screens for ncRNA genes

Our scheme relies on being able to sensitively identifygmtoding regions, in order to
screen out as many nanochromosomes containing proteingcgeénes as possible. Ho-
mology searches are one way to identify probable codingorsgibut while homology
searching is specific, it is not very sensitive. Many prateimay have no detectable ho-
mologs, either because they are clade-specific or rapidilvieng. Therefore we aimed to
use computational protein “genefinding” to sensitivelyntiiy protein-coding regions by
their statistical signals, and later homology search wasedo remove the undetected by
genefinder but conserved protein coding genes. To find motgaply functional NncCRNA
candidate and define the ncRNA region within the non-codimgporomosome, compara-
tive analysis withstylonychia was conducted. All the following processes to detect ncCRNA

genes are summarized in Figure 4.1.
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Figure 4.1: Flowchart of the screen for noncoding nanoclasmmes.
The graphs to the right show the length distribution of theasket at each stage of the screen. Red arrows
indicate a peak of small (presumably artifactual) noncgdiantigs that is initially enriched, then removed
when a requirement for DNA sequence conservatiogtmnychia is imposed.
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4.1 Non-coding nanochromosome classification

To winnow the protein-coding gene-containing nanochranmass in respect of ncCRNA
gene screen so as to make our screen effective, we need @ gatiefinder to have high
sensitivity. We are less concerned with the comprehenssg&nf our screen’s ability to
detect ncCRNA genes — the stage 1 dataset is already only aesanga we can tolerate
somewhat low specificity, which means relatively higheerat miscalling a noncoding
nanochromosome as coding so to throw it away because sigisd/ratio in terms of
NcRNA genes is affected largely by the predominant protenting genes in gene pop-
ulation. We strived to develop a coding gene classifier witbua 95% sensitivity and at
most a 20% false positive rate, based on the following “bddke envelope” argument.
Suppose there were 100 ncRNA-only nanochromosomes in thpe Stdataset, with the bal-
ance (9547) containing one or more coding genes. At 95%tsatysiabout 475 (5%) of
nanochromosomes carrying coding genes would be miscidsi noncoding. At a 20%
false positive rate, 20 ncRNA nanochromosomes would be kastg discarded because
we falsely predict a coding region on them. Thus we would findu& 555 “noncoding”
candidate nanochromosomes, only 80 of which contain trikNAcgenes (15%). This
would be a barely tolerable signal/noise level in a canéidat that we could sort out using
further computational and experimental analysis, whilentagning a reasonable sample
of ncRNA genes for novel ncRNA gene discovery. We are not coecewith the detailed
exon/intron accuracy of a genefinding prediction for thisigem, only with the sensitivity

and specificity of classification of an entire nanochromosom
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4.1.1 Test and training dataset

To evaluate how accurately these programs could distihgeosling nanochromosomes
from noncoding random sequences of the same size and cdioppgie constructed the
following training and test datasets. Here, we oriented thie protein gene detection
problem, so positive data contains protein coding genesnandoding gene containing
nanochromosome is defined as a negative. For positiveriggamd test data, we identified a
dataset of nanochromosomes which contain teh conserviexh tegknown protein. A set of
2520 nanochromosomes were identified in the stage 1 dataf®loavs. First, 6702 (69%)
stage 1 nanochromosomes had BLASTX hits of H0~° to proteins in the NR database
and were considered likely to contain coding genes. To rededundancy at the protein
similarity level, these 6702 nanochromosomes were condgkes-all by TBLASTX and
single linkage clustered at an E-value threshold ®f*°, and one nanochromosome was
randomly selected from each of the 2520 clusters. Each wakonaly assigned to one of
ten jackknife datasets of 252 sequences each. To @jtricha-relevant model parame-
ters, we had to partially annotate coding exon/intron $tmécin the positive data. The top
scoring homologous protein sequence was aligned to thechemmosome using the pro-
tein2genome program in Exonerate 1.2.0 [192]. To get futilgatated exon/intron struc-
ture, we also identified an additional training data set b2@lannotatedxytricha genes
of 24 nanochromosomes in Genbank, and 33 genes manuallyasemhaising expressed
sequence tag (EST) coverage

For negative test data, we generated 2500 random nanockoomessized sequences

flanked by simulated telomere repeats. We used an HMM modsisting of three states:

1EST data was generated by the pilot project of protist ESTnamm (PEP). By clustering and filtering
from 3066 EST reads, 1225 sequences were obtained. Amomg tmdy 33 sequences can be annotated to
include the whole protein gene structure.
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5'-telomere, sequence, antt8lomere. Two 5and 3 telomere states use explicit length
distributions derived from the draft sequencing data sétsmnit a complete telomere subse-
quence. The sequence state emits one nucleotide at a tinge2i$order Markov statistics
trained on the entire stage 1 dataset.

We jackknifed the positive and negative datasets to cocisten different test sets of
252 positives and 250 negatives, leaving 90% of the pogitata for training on Exonerate-

annotated partial gene structures.

4.1.2 Available eukaryotic end-user trainable genefinders

To develop a high-sensitivity classifier, we first searchedinng genefinding programs that
are already available. Eukaryotic protein genefindersuigpa species-specific statistical
signals such as codon or hexamer bias, splice site signadsingron length. Oxytricha
genefinding also presents a special problem because it weesat genetic code, reading
UAG and UAA codons as glutamine and only using UGA as a stopr¢ti93]. We sur-
veyed available eukaryotic genefinding programs to idgptibgrams that could deal with
the ciliate genetic code, that we could easily retrain duesefor Oxytricha’s statistical
features, and that (ideally) we could train on limited datagonsisting of incomplete gene
structures, because we have few cDNA-validated gene atascforOxytricha. We chose
Genezilla [194], Unveil[195], GenelD[196] and AugustuaT] for evaluation. Genezilla
was the program used for genefinding by ffetrahymena thermophila genome project
[149], and GenelD was used by tRarameciumtetraurelia genome project [150]. Among
those available genefinders, only GenelD program can beettavith partial gene struc-

tures owing to the simple structure and detailed descnpaifoparameter files enabling to
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generate it by ourseleves.

We trained GenelD ten times on a combination of the 57 hunmaotated sequences
with a different jackknifed training set of 90% of the pogitidata (2268+57=2325 se-
guences total). Genezilla, Unveil, and Augustus requiregete gene structures for train-
ing, so we could not use the partially annotated positivesHese programs. Instead we
only trained these three programs once, relying exclugigalthe very limited set of 57
full-length Genbank EST annotated genes. We expected these limited trainiagalatut
these three programs at a significant disadvantage. Eadfigger was then tested ten
times on jackknifed sets of 252 positives and 250 negatiwe#d ability to discriminate
coding nanochromosomes from synthetic noncoding nanaatsome-like sequences.

Figure 4.2 shows the benchmarking results as a ROC (reagdezator characteristic)
plot. None of the genefinders we tested reached our desiveddesensitivity and speci-
ficity. We suspect it is due to the dearth of well-annotafegtricha gene structures for
training data. It may be possible to improve the performasfcany of these genefinders
on this unorthodox application, if we had expert inside klealge of their implementation.
However, we turned instead to developing our own specilcmputationalDxytricha

“nanoclassifier” algorithm and software implementation.

4.1.3 TheOxytricha nanoclassifier

We used hidden Markov model methodology [198] to specify @bagbilistic model of
Oxytricha nanochromosomes containing coding genes. Figure 4.2 \Bsshgchematic of
our model. Itincludes standard statistical features fixaeyotic genefinding [199], such

as 5th-order Markov (hexamer) statistics for residues airgpexons and an intron model
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A. Classification performance
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Figure 4.2: A hidden Markov model based coding nanoclassifie

A. ROC curve of classification performancE0CV exp - results of ten-fold cross-validation on jackknifed
test sets of 252 positive sequences and 250 negative seg amowing the average (grey box) and range
of the ten test results as P-value threshold is vari@enelD - results of ten-fold cross-validation of the
GenelD program, where a GenelD annotation of a completengaogiene structure is counted as a positive
coding classificationother genefinders- each point represents a result on one jackknifed test etatast
each of these genefinders was only trained once on a set ofeengene structures, not on the partial gene
structures of the jackknifed positive training data. UhvAugustusC, GeneZillaC points call a complete
coding gene structure annotation as a positive classtitafiugustusA, GenezillaA points call a partial or a

complete gene structure annotation as a positive clagsificd8. Schematic of the HMM state architecture
of nanoclassifier gene model.
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consisting of hexamer and 3 splice site consensus, a frame, a minimum length, and a ge-
ometric length distribution tailing off from the minimumrgth. The model consists of six
exon states, six intron states,a@nd 3 flanking sequence states and one intergenic state to
allow more than one protein gene per nanochromosome in the saopposite orientation.
A start state emits an ATG (exactly), and a stop state emitsA dodon (exactly). For in-
tron signals, hexamer nucleotide frequencies includirage® T or AGs are estimated from
the training set. We included minimum length constraintghenintron state. The overall
model includes a mirror image of the coding gene model foréverse strand, allowing
more than one coding region to occur per nanochromosometioer sitrand. Additional
states in the model generate noncoding extragenic andyertia DNA segments, so the
overall model is that of a complete full-length nanochroome containing one or more
coding genes. The background (null hypothesis) model leasaime HMM state-structure
as the gene model, but the emission statistics of all stateshanged to background"5
order Markov (hexamer) background statistics in the exatest(estimated from the en-
tire stage 1 dataset), and*@rder background nucleotide frequencies in all other state
and also for start and stop codons and GT/AG splice sites fieiserves the same length
distribution for both coding and null models. If we used deati#nt model structure for
the null hypothesis, it would be hard to match overall lendjgiributions implied by the
two models, and sequences could get classified spurioudbnigyh rather than statistical
coding signals.

One advantage of this model to us is that we fully control asameterization, and
could tailor it for Oxytricha and for the types of partial data we had available for trgnin
Another is that we have full control over thresholding mosiebres, so we can trade off

sensitivity against specificity as needed.
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Here we are interested in nanochromosome classificatibarrttan genefinding which
will be described in the later section. To solve classif@aproblem more effectively, we
could improve its implementation rather than simply usiege&finder methodology which
predicts the precise gene structure. First, it is advaoizgéo set up a hypothesis test
with two specified models, that is, having an explicit modethe “Null hypothesis™: a
coding gene model and a background model generating ndngcadnochromosomes as
described above. Second, it is advantageous to use the idoabgmrithm rather than the
Viterbi algorithm which calculates the most probable patffit the sequence into this
generative gene model to produce the parsing of the gengwteuof one or more genes
in a nanochromosome. The Forward algorithm calculates tbiegbility of all probable
paths to be fitted into the model, so it admits the possibdftihe existence of uncertainty
in parsing as opposed to one exact parsing, which is apptegor classification problem
to figure out whether protein coding genes exist or not.

Given a full-length nanochromosome sequence, we calcalbdg likelihood for both
models by using the HMM Forward algorithm, and report the-dolgls likelihood ratio
in units of nats (natural logs). A positive log-odds scordicates stronger evidence for
the coding model than the null hypothesis, and the highestioee, the more evidence
for coding potential. In principle, we could threshold tlg-dodds likelihood scores to
distinguish coding from noncoding nanochromosomes, Imgitteand residue compaosition
effects in a given individual nanochromosome introduceéxsanto log-odds scores toward
the coding model. To mitigate these effects, we calculatevaltfe statistic for each log-
odds score by order statistics (i.e. by brute force simutdfiby shuffling the sequence
30,000 times by 3-mers to roughly preservé 2rder statistics, calculating a score for

each shuffle, and reporting where the score of the real sequalbs in that simulated null
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distribution. A low P-value means higher confidence thatrsoschromosome contains one
or more coding regions. Classification is based on threshglitie P-value.

We tested the classification performance of our nanoclasssing the same jackknifed
training/test data used for GenelD. Figure 4.2.A shows @&salts for varying choices of
P-value threshold. At a P-value threshold of 0.09, the aee@t the 10 jackknifed ex-
periments is 94% sensitivity and 17% false positive ratds €stimated performance was
acceptable for our screening strategy. We then retrairedléissifier on the entire positive

dataset (not just a jackknifed subset) for subsequent use.

4.1.4 The nanochromosome classification screen

The results above establish the basis for the idea that wddsbe able to systematically
identify ncRNA genes irOxytricha by computationally identifyingcoding genes in full-
length nanochromosomes, and subtracting these codingni@mosomes to leave a subset
of apparently noncoding nanochromosomes for further amalyVe applied our nanoclas-
sifier to each of the 9647 presumptive full-length nanoclosomes in the stage 1 dataset
(Figure 4.1). Unexpectedly, this identified a stage 2 datfsenly 507 noncoding contigs
(5.3%).

This small number is consistent with the expected falsethegeate of the nanoclassi-
fier, so many of these contigs are still likely to contain capliegions. Given the estimated
sensitivity of 94% for our nanoclassifier, if all 9647 corstigere coding, we expect about

580 (6%) to pass.
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4.1.5 Exclusion of “known” protein coding genes

To further increase the stringency of the screen, we used BIXAS identify nanochromo-
somes with significant similarity to known proteins with “vdmnask=seg, wordmask=xnu”
options and with “E = 10°” threshold on UniProt/Swissprot database which contaiosem
experimentally validated proteins in spite of its small@eghan the NR database. This
process removed 69 more contigs, leaving a stage 3 data488 esfoncoding contigs.

This small number is surprising, and a main result of the woifk Oxytricha con-
tained large numbers of ncRN#enes, we would expect to find large numbers of noncoding
nanochromosomes at this stage of the screen, but we do not. Indeed, the aainaber of
noncoding nanochromosomes is even smaller. The 438 stagedgiromosomes still in-
clude undetected coding genes and assembly artifactssaslzkxl below. We established
that ncRNA genes occur alone on single-gene nanochromosufiesently often, that our
nanoclassifier is sufficiently accurate, and that the staggniple of full-length nanochro-
mosomes is sufficiently representative, that this resudixjgected to be robust. In what
follows, we exploit comparative analysis against igonychia draft genome sequence
to look deeper at this set of 438 nanochromosomes to see erhe@thhave nonetheless

sampled some interesting new ncRNA genes, and to furthey ptskible sample biases.

4.1.6 A lightweight nanogenefinder

As mentioned in the nanoclassifier secti@n,trifallax has different content and signal
statistics for gene structures compared to other eukasyaste pre-trained gene-finding
programs for other eukaryotes may work very poorly. For edamthe Genscan [200]

program, one of the conventiona initio HMM gene finders, with the human parameter
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files performed at 0.325 sensitivity and 0.996 specificitthatnucleotide level and 0.133
sensitivity and 0.182 specificity at the “exact” exon levélem tested on th®xytricha 26
protein genes deposited in GenBank among the additionaiigadataset of nanoclassifier.
A more difficult problem is the very small size of training dsét that annotated the whole
gene structure. Therefore, to make our own genefinder wladohbe tuned o®xytricha
even with partial data might be advantageous.

Our genefinder, named “nanogenefinder” to reflect both theackexistics of its struc-
tural simplicity and the fact that it was trained speciatly ©xytricha nanochromosome, is
based on the same HMM gene model in nanoclassifier. The eliffers are an unnecessity
of the background model, and using the Viterbi algorithmeticalate the probabilities from
the model as described in the nanoclassifier section. Thegeaefinder, a lightweight pro-
gram having simple structure and relatively small numbgrashmeters, can be trained on
a small amount of data.

The performance test result on nanogenefinder and othemattshinable genefinders
which are the same programs which were used for comparinggttiermance of nanoclas-
sifier due to the same reasons as mentioned above is showa Hdtite 4.1. Two sets of
data both of which were used for training the genefinders dgiadal data in the above
classification problem were also used to train and test exygrably: NCBI and EST. NCBI
dataset consists of all 26 genes on 24 nanochromosomestathot Genbank. It includes
total 16 single exons, 10 initial/final exons, and 10 intém@ns. EST dataset consists of
33 manually fully annotated genes on 33 nanochromosomag &$T data. It includes
total 14 single exons, 19 initial/final exons, and 7 intereabns. As mentioned in the
nanoclassifier section, because the GenelD package doesovate a training program,

we generated parameter files forytricha by hand. Rather than using the same parame-
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ter complexity as the default, we reduced the size of sigrfalmation for start and stop
codon, donor and acceptor sites and changed transitioraipititp matrix for trimer, not
for hexamer, to get a better performance on this small data se

The nanogenefinder and Augustus show relatively betteopeénce than other pro-
grams on this small size of training and test data although gerformances are not sat-
isfying compared to that of conventional genefinders tidioe other eukaryotic genome.
For example, genscan reported 0.78/0.81 sensitivityfspigcat exon level and 0.93/0.93
at the nucleotide level on the 570 vertebrate gene sets.[20k¢ performance of Au-
gustus trained on NCBI set and tested on EST set is similar solekiel. If Augustus
and nanogenefinder are trained and tested both on NCBI and lESTpérformances can
be achieved in the acceptable level although additionakmétion from the partial data
which have no full gene-structure annotation and are thepctationally predicted is sup-
plemented for nanogenefinder training.

Two anecdotal examples shown at Figure 4.3 illustrate thi@peance of genefinders.
GeneZilla and GenelD have a tendency to over-predict gemgsiader-predict exons on
the nanochromosome. The fact that a lightweight nanogetesfshows almost equivalent
performance to the more sophisticated genefinder Augusigtst imdicate some possible
need for custom-trainable and partial training data-atad#e lightweight genefinder in the

paucity of training data when a new genome is sequenced.
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Table 4.1: Performance test on the genefinders

- Sensitivity Specficicity

Program Training/Test set Seq | Gene| Exon | Nuc Seq | Gene| Exon | Nuc
GeneZilla NCBI/EST 0.03 | 0.03 | 0.034| 0.032| 1.0 1.0 1.0 1.0
EST/NCBI 0.25 | 0.231] 0.13 | 0.326| 0.462| 0.429| 0.375| 0.992
Unveil NCBI/EST 0.394| 0.394| 0.288| 0.766 | 0.448 | 0.351| 0.459| 0.911
EST/NCBI 0.269| 0.269| 0.174| 0.504 | 0.368 | 0.259 | 0.286 | 0.986
GenelD NCBI/EST 0.03 | 0.03 | 0.034| 0.402| 0.032| 0.03 | 0.061 | 0.645
EST/NCBI 0.042| 0.077| 0.043| 0.512| 0.042| 0.054 | 0.054 | 0.844
NCBI/EST 0.727] 0.727 | 0.763| 0.973| 0.750| 0.727| 0.804 | 0.954
Augustus EST/NCBI 0.333]| 0.308| 0.5 | 0.762| 0.348| 0.333| 0.242| 0.991
All/AIl 0.895| 0.881| 0.914| 0.957| 0.927| 0.912| 0.914| 0.991
NCBI/EST 0.485| 0.485| 0.458| 0.801| 0.533| 0.533| 0.711 | 0.956

nanogenefinder EST/NCBI 0.5 | 0.462| 0.478]| 0.636| 0.667| 0.667| 0.711| 1.0
All/AIl 0.789| 0.797| 0.895| 0.983| 0.789| 0.746| 0.855| 0.976

The sensitivities and specificities of each genefinder ame/shn several levels: Nuc (in nucleotide level),
Exon (in exon level), Gene (in whole gene level) and Seq (iole/lmanochromosome level). For instance,
Nuc sensitivity is the ratio of the number of correctly pidd nucleotides to the number of all annotated
nucleotides, and Nuc specificity is the ratio of the numberaofectly predicted nucleotides to the number of
all predicted nucleotides.

4.2 Comparative analysis of the candidate nanochromo-
somes

We wanted to utilize comparative sequence analysis toifglerdnserved sequences likely
to encode functional ncRNA genes, to distinguish such cergdRNA sequences from the
distinctive codon-dependent conservation pattern ofrgpdegions, to confine the possi-
ble ncRNA regions within the nanochromosome, and to assstd¢ondary structure pre-
diction of any structural RNAs found. Therefore we sought ti@cronuclear genome
sequence of another ciliate at a suitable evolutionaryadcst for comparative sequence
analysis ofOxytricha. Ten stichotrich ciliate isolates were surveyed by ouratmfators in
Princeton University through PCR and sequencing of four eomsl protein-coding genes:

telomere-end binding proteirsand 3, HSP70, and DNA polymerase The number of
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B —Y S NCBI
S — NCBI, Au, Na |
: i — 13} ; o No

Augustus

—

o GeneZilla

GeneZilla

+ z—(::!—-GeneID

- > GenelD

1 Unveil

L 1 Unveil

Figure 4.3: Examples of the results from genefinders
Examples of genefinder results. NCBI represents the anootibm GenBank, Au represents Augustus
program, and Na represents our nanogenefimdek small nanochromosome known to encode one gBne.
A long nanochromosome known to encode two genes.

substitutions observed in synonymous four-box codonsignaients to homologou®.
trifallax sequence was used as a proxy of neutral evolutionary destdke aimed to iden-
tify a species at about 0.4 neutral substitutions/site [20%/0 isolates Oxytricha fallax
andOxytricha “Bath”) were too closely related, but eight isolateStéfrkiella histriomus-
corum’, Oxytricha nova, Oxytricha Maryland, Sylonychia lemnae, Stylonychia mytilus,
Laurentellia sp., Paraurostyla sp., andUrostyla sp.) were all suitable, ranging from 0.3
to 0.6 substitutions/4box-site. We chose the stichot8gtonychia lemnae because it ap-
pears to have a neutral evolutionary distance of approein&.4 substitutions per site
to Oxytricha, roughly comparable to mouse/human sequence comparisbstaace well
suited both for detection of conserved coding exons and eoatige analysis of conserved
RNA structure in pairwise alignments [202].

Like Oxytricha, Stylonychia is a stichotrich, and its biology is thus comparable to that
of Oxytricha. Because it is physically larger, it was used extensivelyairtyecytogenetic

studies of macronuclear genome development [203—-205].
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4.2.1 Stylonychia lemnae genome sequencing

We sequenced whole cell DNA obtained fr@uylonychia lemnae strain 2x8/2, which was
kindly provided by Francziskabhsson and Hans Lipps (University of Witten, Germany).
At the Genome Sequencing Center (Washington University .inL8uis), a sample was
sequenced in one 454FLX run without purification of macrdeacDNA away from mi-
cronuclear DNA because macronuclear DNA is in vast exces$ss ffroduced 568,094
reads (146 Mb), about 3x average shotgun coverage of themezs~50Mb macronu-
clear genome with reads averaging 260 nt in length. The Nawisbgram, which can be
downloadable fromtft t ps: // val i cert ext.roche. cont ], assembled these reads
into 53,806 contigs (27.3 Mb) ranging in size from 95 to 9947 n

This Sylonychia assembly contain 13463% coverage) CEGs, so we estimate this
assembly covers about 50% of tBeylonychia genome. We therefore expect to be able to
detect approximately 50% of single-copy evolutionary @med regions irDxytricha by

comparison with th&ylonychia dataset.

4.2.2 Sequence alignment t8tylonychia lemnae

We expect the steps to this point have also enriched foraattial “noncoding” contigs
that arise either from sequence assembly errors or DNA psing errors inOxytricha.
Figure 4.1 shows length distributions for the contigs inhedataset, which show the pro-
gressive enrichment of a peak of small100 nt) contigs in the stage 3 data that are
likely assembly artifacts due to false overlaps in low-cterjty subtelomeric sequence.
To enrich for nanochromosomes containing functional gemes screened for contigs

with significant DNA similarity to ourStylonychia shotgun data. We produced pairwise
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Oxytricha/Stylonychia local alignments using WU-BLASTN with options “filter=seg fil-
ter=dust maskextra=10 M=4 N=-5" to detect relatively sr@ignments, which partially
resulted from low-continuity shotgun assemblySbflonychia genome sequence and rela-
tively small size of ncRNA genes, and selected alignments 60% identity and E< 107°.
This identified a dataset of 127 conserved noncoding nanaatsomes (stage 4 dataset;
Figure 4.1). The peak of small contigs disappears in thigesta

The stage 4 dataset is highly enriched for nanochromosoaregtg known ncRNA
genes (66/127, 52%). Although it is possible that these G®claromosomes contain ad-
ditional novel ncRNA genes, we excluded them from furthelysis, leaving a set of 61
conserved noncoding nanochromosomes with no significamtasity to known ncRNA
genes. These are candidates for harboring novel ncRNAs.

Several of these appeared to be quasialleles or paralogslofother. We clustered the
61 nanochromosomes by sequence similarity and chose aegpative set of 46 distinct
loci. This clustering included both identifying “quaseliés” (11 contigs were considered
to be quasialleles of others), and also clustering obvi@walpgs together. In particular,
9/61 of the nanochromosomes at this stage represent only faihmcRNASs which will
be described in the next chapter. Five of them are distirgt(fonc91, Onc92, Onc94,
Onc95, Onc96) after clustering quasialleles. After clusteparalogs by sequence simi-
larity, two of these nanochromosomes were chosen as repatise (Onc9l represents a

cluster including Onc92; Onc94 represents Onc95 and ONc96)
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Figure 4.4: Comparative sequence analysis of sequencensegamserved witlstylony-
chia,

Examples of one known protein and four ncRNA genes were sh&tarting with a BLASTN alignment
of homologousOxytricha and Stylonychia sequences, each residue represent each colum of the afignme
and residue substitution events in three frames are colotedred, green, and blue. A whole sequence
alignment is splitted into several lines to display 60 chtees per line. QRNA[126] classification results for
each alignment are shown in the right column, showing th¢ dexsing class (“COD” for coding, “RNA’
for structural RNA, and “OTH?” for other) and a QRNA classifiican log-odds score in bits. Coding regions
generally stand out both visually and by QRNA because of #nmgicity of three in their substitution events
(i.e. the predominance of one color in a large region of tliégin example).

4.2.3 Analysis of alignment patterns

Despite all the steps taken so far, we still expect that mwae half of these 46 contigs will
carry coding genes that we have failed to recognize. Givatttie BLASTX step at stage 3
removed 69 contigs, and we expect from the previous sedtarabout 65% oOxytricha
proteins have significant similarity to known proteins,rthee expect approximately 37
coding regions to pass into stage 4. About 70% (26) of theseldvpass the stage 4
conservation screen against the incompyéonychia dataset. Therefore, as a final step
to remove coding nanochromosomes, we used the patternidfieesubstitution observed

in the region of DNA sequence conservation witiilonychia.
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Because we selectefylonychia to be at a neutral distance of about 0.4 substitutions
per site, we expect substitutions in many near-neutral cdtimd positions, and thus a
distinctive periodicity of three is seen in the pattern of@tved substitutions in conserved
coding regions. Figure 4.4 shows examples of this perioditem in a known coding
region as opposed to known ncRNA genes. This pattern can lheaésa by brute force
comparing of numbers of the substitution in each codon jposdr by the RFC (reading
frame conservation) test [206] that measures the portiaruofeotides in a fully aligned
interval for which the reading-frame has been locally covesg. The RFC score calculation
was implemented by a Perl program according to the publistesdription [206]. As
shown on Figure 4.5, it is not easy to discriminate the pneteiding gene like alignments
in Oxytricha andStylonychia alignment, using RFC.

Instead, we scored this pattern by running “eqrna -a” to tiensse BLASTN align-
ments processed by “blastn2qrnadepth.pl” in the QRNA [126kage, which has explicit
probabilistic protein-coding gene (codon position-defesti alignment), non-coding gene
(ncRNA structure-constrained alignment) and other clagsi{jpn-independent alignment)
models for the pairwise alignment. Although QRNA was orifjindesigned to identify
structural ncRNAs by comparative analysis, which is a tasit thmains difficult with
high false positive rate, its statistical model for disdriating conserved coding regions
from other types of sequence conservation is effective.foReance benchmarking of
QRNA's ability to detect coding nanochromosomes was doneguie same 2520 pre-
sumptive coding sequences in the positive test data for dnealassifier 10CV data set.
A total of 1517 pairwise alignments passed the above aitehiter splitting long align-
ments into alignments of a maximum length of 1000 column835@airwise alignments

were used as a positive data set. For negative data, we modoue simulated noncoding
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Figure 4.5: RFC score distribution
The graphs show the distribution of RFC scores in the pasiata set and the negative dataset (which con-
sists of the shuffled alignments of the positive data set@ ddsitive dataset is a set of BLASTN alignments
to Sylonychia of the same dataset used at 10-fold CV performance test afctessifier. A. The average
RFC score of the multiple alignment segments of a sequenaseid as a representativ@. The best RFC
score among the multiple alignment segments of a sequeseteisted as a representative.
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Oxytricha/Stylonychia alignments by shuffling the pairwise alignments by coluninsst
preserving mean base composition and percent identity.|dAgier alignment, it is split
into several pieces to match up the limitation of alignmenigth in QRNA program. On
this dataset, we estimated that QRNA has a true positive f88% and a false positive
rate of 3% for distinguishing conserved coding regions.

QRNA classified the conserved regions in 29 of the 46 contig%{Gs probable coding
regions, consistent with our statistical expectation. fihal candidate set (stage 5) con-

sists of 17 representative, distinct, conserved, fultenapparently noncoding nanochro-

mosomes.
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Chapter 5

Analysis of the final candidate

nanochromosomes

5.1 Experimental validation of ncRNA gene predictions

To test whether our 17 candidate nanochromosomes expressrBiN&ripts from the iden-
tified regions of sequence conservation, we performed Manthlots. As positive controls,
we also performed Northerns for 13 homologs of known ncRNAE(B snoRNAs, 4
tRNAs, and one U2 RNA locus) and identified small RNA transcrgftthe expected size
for all 13. Images of these Northerns (Figure D.1) and prazpiences (Table D.1) are
provided in Appendix D. For positive candidates on Nortlsemme performed ’5and 3
RACE-PCRs (Rapid Amplification of cDNA Ends) and sequenced nmialtjones from

each in order to define complete transcript sequences.
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5.1.1 O. trifallax culture and RNA extraction

O. trifallax strain JRB310 [207] was cultured to 5000 cells/ml density in 8x12 inch
Pyrex dishes with 300 ml ciliate medium. They were fed a mixtof an alga C. elon-
gatum, University of Texas) grown in 500 ml flasks under light in Eerga medium, and
bacteria K. pneumoniae). O. triallax cultures was split into two cultures with fresh vegeta-
tively grownOxytricha cells were collected on several layers of gauze to excludepms$ of
algae, then filtered on a Nitex nylon membrane to get rid ofds&ecand culture medium.
For long term storage, inactive cyst forms@sytricha cells that were generated by star-
vation of the collected cells were stored-&it0 °C after mixing with equal volume of 20%
DMSO. To hatch ugxytricha cells from cysts, cysts were diluted in an excess of ciliate
medium several times and fed. For RNA extraction, the meditithecollected cells is
brought to 0.05M EDTA to immobilize the motile cells and taluee RNase activity, and
cells were collected by centrifugation4tC. Total RNA was extracted by a standard Tri-
zol (Invitrogen) protocol that uses chloroform for phaspasation and propanol for RNA

precipitation, and stored in 1mM EDTA at20 °C.

5.1.2 Testing the existence of RNA transcripts: Northern blot

Northern blot was initiated with runing — 10 pg of total Oxytricha RNA on 4% acry-
lamide gels. Then, the gel was electroblotted using a seyneléctrophoretic transfer unit
(BioRad), and UV crosslinked to a ZetaProbe charged membBioR#&d). DNA oligonu-
cleotide probes (38-44nt) were end-labeled wili2-ATP using T4 polynucleotide kinase
and hybridized to the Northern blots in UltraHyb Oligo sadat (Ambion) at42°C for

overnight at least 15 hours. Blots were washed twice in aisoluf 2X saline-sodium
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citrate (SSC) buffer and 0.1% sodium dodecyl sulfate (SD&itism at55°C for 5 min-
utes and 15 minutes, then again twice in 0.1X SSC and 0.1% 8h8a at55°C for 5
minutes and 15 minutes. Blots were either visualized by phasmager (Amersham Bio-
sciences), or exposed at least one day on X-ray film (Fujifti-80 °C. For some probes
with lower calculated melting temperatures, an additidv@ithern blot was performed us-
ing less stringent hybridization and washing temperatus@sC for hybridization,42 °C

for washing. A32P-labeled 50bp dsDNA ladder (New England BioLabs) was used fo
molecular weight standards.

Each candidate nanochromosome was tested with one or kawngta-stranded oligonu-
cleotide probes directed against the conserved and/avediehigh GC-content regions of
the nanochromosome. We probed each strand separatelyiphelethe strand specificity,
using total RNA extracted in vegetative growth condition asatibed above. For 7 of the
17 candidates we detected small RNA transcripts (Figure SAll)probe sequences are

listed in Appendix D.

5.1.3 \Verifying the ends of transcripts: RACE-PCR

To conduct RACE experiments on the Northern postive candidptdy-A tails were added
to total RNA by terminal deoxynucleotidyl transferase to pall RNA species in the fol-
lowing RACE protocols, which provide the anchor for transcpplymerization. We used
two different commercial RACE protocols: SMART-RACE (Clonteany GeneRacer (In-
vitrogen). The SMART-RACE SRACE protocol relies on the addition of 3-5 untemplated
C residues at the’ @nd of the first-strand cDNA synthesized by reverse traptse. This

protocol is less efficient in our hands, but may be relativiegensitive to unusual BNA
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Figure 5.1: Experimental confirmation of candidate ncRNAsipts.
Sequences, predicted secondary structures, and NorthdriRACE data for seven candidates with detected transcrisnomic
sequences are shown for each locus, witlagd 3 ends of transcripts determined by RACE indicated by dark bluews. Arrows
pointing between nucleotides indicate an unambiguoushrdened end; arrows pointing at ahehd nucleotide A indicate an ambiguity
where we cannot distinguish an nucleotide A in the nativesitept from the artificially appended poly-A tail. For Nieern blots, 10/2 or
8/2 lanes indicate the amount of total RNA loaded in each lamgg). M indicates a radiolabeled 50bp DNA ladder. “Sense/ants”
refers to the orientation of probes on the reference genoquesee, not the transcipt. For C/D box snoRNAs, only oneégvads tested
because we predicted the correct strand by sequence an@gsiondary structures of transcript were initially pceti by RNAalifold
[208] then manually modified based on comparative sequencgsiaind other features (such as the predicted target sitehe
two H/ACA snoRNAs). Conservation of sequence and strudtufylonychia alignments is annotated using a color scheme, with red
indicating a compensatory base pair substitution that stpgiee structure prediction, blue indicating a wobble haeie substitution
consistent with the structure prediction, and gray indigpall other substitutions, including those in singleastied regions and those
that are inconsistent with the structure prediction.
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structure. The GeneRacerBACE protocol ligates an RNA oligo to thé phosphate end
of an RNA transcript and uses that oligo as the amplificatiareating site. Because this
protocol is optimized for capped mRNA transcripts, we skiptiee first phosphatase step
and added a kinase step to assure that ncRNAs with a varietyssfljje capped and un-
capped 5ends could be amplified. Both kits use the same approach RABGE, using
one oligo-dT primer against the added poly-A tail, and ongeggpecific primer internal in
the transcript. RACE-PCR products were cloned and sequencstdubgard methods.

We conducted RACE experiments on 6 of the 7 candidates detbegtBdrthern, and
one C/D snoRNA, Onc85, was not examined because we had itfiddsas a “known
RNA’ by its weak SNORD96 homology at the time we designed the RAGEeements.

In each case, except for the indetermindterls of two loci described in the next chapter,
transcript sequence(s) implied by RACE-PCR sequencing wergstent with the band(s)
observed by Northern (Figure 5.1). All gene-specific prabguences of the tested candi-

date genes are listed in Appendix E.

5.2 Manual examination

We analyzed each of the 17 candidate loci in detail, takingquaar advantage of the pat-
tern of Sylonychia conservation including multiple alignments where possi8iylonychia
conservation patterns of the final candidate dataset akerstmoFigure F in Appendix F.
For ncRNA loci that appear to conserve an intramolecular RN#oisdary structure, we
used manual comparative analysis to infer the structurecbas the RNAalifold [208]
prediction .

Of the ten candidates for which we detected no small RNA espasupon detailed
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examination, five contain small fragments of coding genemdoon other nanochromo-
somes. These nanochromosomes possibly arose as asseratgyoererrors in macronu-
clear DNA processing. Two more appear to be fragments ofetanmosomes containing
pieces of conserved promoter sequence. Another has onlalh gatch of conservation.
Finally, 2 of these 10 candidates (Onc98, Onc106) have eoeiterved regions that appear
to be plausible ncRNA genes, but because we did not observexgmgssion from these
loci, we cannot be sure of the bounds (or mature RNA sequelfieg)ydaranscript. We do
not consider them to be confirmed ncRNA loci.

Of the seven candidates for which we did detect small RNA esgioe, five are ShORNAS:
three C/D snoRNAs (Onc85, Onc86, Onc87) and two H/ACA snoRNAL8ONONCc90)
(Figure 5.1). The C/D snoRNAs and the Onc89 H/ACA snoRNA havecglstructures
for these classes of eukaryotic SnoORNAs. Those snoRNAs arvalatectable by snoscan
and snoGPS programs [134, 209] although the predictioresaiddnc89 H/ACA snoRNA
is too low to be discernible from a noise. The predicted rRNAhylation sites of C/D
snoRNA Onc85, Onc86 and Onc87 are LSU832, SSU8 and/or LSYEMPLSUG78,
respectively. The Onc89 H/ACA snoRNA's predicted target Et€SU2517; however,
its homologous position is a C residue in human and not pseidydated in yeast. A3
box regulatory motif which will be described in detail in thext chapter is detected in
the downstream of Onc89 H/ACA snoRNA. The Onc90 H/ACA snoRNA hasrausual
and distinctive structure, with large helices insertedosipons that H/ACA snoRNAs are
known to tolerate additional helices (known as the IH1 and létations; [210]). Based
on this unusual structure and the conservation of distiactequence elements (m1 and
m2) in a bulge in the '83most stem, Onc90 is likely to be th@xytricha homolog of the

“ubiquitous” eukaryotic U17/snR30 H/ACA snoRNA. This is thelypil/ACA snoRNA

72



that does not function as a pseudouridylation guide, bueatsis involved in rRNA pro-
cessing via a presumed interaction with SSU rRNA [211, 212 proposed interaction
for yeast snR30 and human U17 with their cognate SSU rRNAs isergad for Onc90
with Oxytricha SSU rRNA (not shown) [213].

The remaining two candidates that show small RNA expressimt9l and Onc94)
share a well-conserved predicted RNA structure (Figure But)are not detectably homol-
ogous to any well-known eukaryotic small RNA families. A dkgtd description of these

NcRNAs is given in the next chapter.

73



Chapter 6

Arisong ncRNA gene class

This computational screen found two related novel ncRNA ge@&c91 and Onc94. Their
RNA transcripts exhibit well-defined bands on Northern blatsd their 3ends were read-
ily mapped by RACE-PCR. However, we had difficulty obtainindRBCE-PCR products
for them, and the products we did obtain mapped diffuselyfaited to define consistent 5
ends. We are unsure whether this represents mere techailcaé falthough we had much
less difficulty with other RNAS, or if it reflects a peculiarity the structure of these RNAs
that might interfere with a’lRACE protocol, such as a lariat structure or an unusuehp
although we used two different RACE protocols, one of which should be insensitive to
unusual 5end structure. Onc91 showed two distinctive Northern barfidgpproximately
equal intensity, while Northern of Onc94 revealed a singlpasent band. Neither are
consistent with the’zend variance detected by RACE experiments.

In primary sequence level, Onc91 and Onc94 are 49% idertioadr the region pre-

1There is no consensus on exactly how to calculate the peitemtity between two sequences. Here, we
showed the ClustalW?2 [214] score in the primary sequencemkmt by neglecting the secondary structure
conservation; explicitly, this score (in DNA) is similar the percentage of the exactly matched columns in
the whole alignment.

74



sented in Figure 6.1 in which most of variableehd sequences are removed, and neither
can detect the other in a genomic BLASTN search with “W=5 E=1fiam. However, they
share a common secondary structure, and in both casesndetey the mature send has
been problematic. Therefore, novel ncRNA Onc91 and Onc9dgseem to belong to the
same small RNA family despite the primary sequences disaiityl We named these the
“Arisong” family of ncRNAs. “Arisong” is named after a Korearerb “arisong hada” that
means to be in an unsure or confusing status. This Arisong AdBNily is expanded into
related ciliate genomes by an iterative search of homolodsravestigated their conserved
secondary structure and regulating elements. To gain soderstanding of their function,
we attempted to disrupt one or several ncRNAs in this famitgugh RNAi knock-down.
In the absence of clear results, we speculated about thibfe&sictions of Arisong RNA

genes based on the shared features.

6.1 Homologous gene search

We used Infernal [129] and BLASTN to iteratively search fodiidnal Arisong RNA
homologs in theDxytricha genome, ouiltylonychia genome, and other available ciliate
genome sequencegetranymena thermophila (Nov06 version) [149]Paramecium tetrau-

relia (Dec06(v1) version) [150, 215] andyctotherus ovalis [216]. We started with a mod-
iflied RNAalifold [208] RNA secondary structure alignment pation of Onc91, Onc94
and their quasialleles to build a covariance model for theseoved secondary structure.
As indicated above, we have not been able to determine a atehconsistent’send by
RACE experiments. Further, thé &nd sequence and also its length do not appear to be

conserved among family members. Thus, we chose to modeltloalgonserved two con-
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secutive stem-loop structure regions in the form of profedsalignments by using “cm-
build” program in the Infernal package. As new homologs weeatified, we refined our
covariance model of the consensus secondary structurdriaddo various models with
different combination of Arisong RNA sequences to searclnéw homologs. We found
a total of 15 Arisong loci in the entir®xytricha dataset that include partially assembled
nanochromosomes. These loci can be clustered into 7 digici¢Onc91, Onc92, Onc94,
Onc95, Onc96, Oncl55, Oncl56) that appear to be paralogthey than allelic. The pe-
culiar nature of the spirotrich macronuclear nanochromesmake it difficult to make a
definitive identification of alleles versus paralogs. Hoarsubtelomeric sequence flank-
ing each locus supports an organization of paralogous dela¢s not shown). We found
8 loci in Stylonychia, 8 in Paramecium, and 1 inNyctotherus. Six of the 8Paramecium
loci have been previously predicted to be small RNA genegdd&@MO011-6 by computa-
tionally identifying the RNA polymerase |l signature suchaablSE (upstream sequence
element) and TATA box of conserved sequences [217]. Oddéycauld not detect any
Arisong RNA homologs in another ciliatétrahymena, even though the evolutionary dis-
tance betwee@xytricha andTetrahymena is similar to that ofOxytricha andParamecium.

A total of 32 Arisong RNA genes was retrieved.

6.2 Consensus structure and regulatory elements

All of these loci were predicted to share a consensus secpsttacture consisting of two
coaxially-stacked stems, with a highly conserved and wefineéd 3 GUUC tail, and a
highly variable 5end (Figure 6.2). The length of the first stem is more conskttvan that

of the second stem; it consists of six or seven base pairssddend stem has bulges and an
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internal loop of variable size. But the base region of thisnst@hich is part of the stacked
junction, is relatively conserved in the length as well as phimary sequence. The high
primary sequence conservation of the stacked junctiomndgads us to conjecture that this
coaxially-stacked dumbbell structure could be a functiigrimmportant region and might
indicate a protein binding site. This proposed structunea$i-supported by a number of
compensatory changes in base pairs observed in the mudtigtenent (Figure 6.1).

All seven distinctOxytricha Arisong loci are flanked on their nanochromosome by two
conserved motifs. A 17 nt motif TJACCCATNAANNNTTA occurs ab&@@-60 nt upstream
of the putative 5end of Arisong genes. This motif is likely to be the ProximaljBence
Element (PSE) found upstream of spliceosomal RNA genes ity mayanisms [219, 220]
including other ciliates [221]. A 19-20 nt motif AAANGAAABTTTGATTAQ occurs 5-
10 nt downstream of the putativeééhd of Arisong RNA. This motif is likely the functional
analog (if not the homolog) of the Box motif which is responsible for @nd processing
in snRNAs and other small RNAs in many organisms [222]. Oth&N¥ genes such as
RNase P, telomerase RNA, and SRP RNA have upstream PSE elemenrtoviel, most
splicesomal snRNAs and U3 snoRNA are flanked by both of PSE abdxX3elements,
except for U6 and U6atac which show the hallmagki@rminator of RNA polymerase IlI-
transcribed small RNAs instead of alix element. This suggests that the Arisong loci are
transcribed and processed similarly to spliceosomal RNA&ably by RNA polymerase
.

This consensus PSE element is much shorter than tiiastdgans[219]. However, the
core conserved “ACCC” in our Arisong PSEs (Figure 6.2) is re¢dyi well conserved also
in C. elegans. Additionally, their relative distance from the start sifetranscript (60-70 nt

upstream) is similar. As noted by Chen and colleagues [21fi$0Ag RNAS inParame-
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Onc9l uacuuUCGAGGUCUUAAGCCAGUGURACUGGUUGCGGGUGAGGGACCU . AUUC-GGGRUCCUGAACCCGUUC

Onc9l.2 uacuuUCGAGGUCUUAAGCCAGUGURACUGGUUGCGGGUGAGGGACCU . AUUC-GGGAUCCUGAACCCGUUC
Onc92 auccuUCCAGGUCUURAAGCCAGUGURAACUGGCUGCGGGGGAGGGACCU . AUUC-GGGAUCCCGARCCCGUUC
0Onc92.2 auccuUCCAGGUCUUAAGCCAGUGUAACUGGCUGCGGGGGAGGGACCU . AUUC-GGGAUCCCGABCCCGUUC
0nc92.3 auccuUCCAGGUCUUAAGCCAGUGUAACUGGCUGCGGGGGAGGGACCU . AUUC-GGGAUCCCGANCCCGUUC
Onc94 guuaaUCCU-AACUUCAGA-GGUCCGGCC-UCUGCGGCU--UGGGGAC . ACAAAGUU-CCUG--AGCCGUUC
Onc95 guuaaUCCUARACUUCAGA-GGUAUGGCC-UCUGCGGGG--0GUUUCC . ACAAAGGA-AAUG--UCCCGUUC
0Onc95.2 guuaaUCCUAAACUUCAGA-GGUAUGGCC-UCUGCGGGG--0GUUUCC . ACAAAGGA-AAUG--UCCCGUUC
Onc95.3 quuaaUCCUAAACUUCAGA-GGUAUGGCC-UCUGCGGGG--UGUUUCC . ACAAAGGA-AAUG--UCCCGUUC
Onc96 uuuaalUCU-UUUUUCAGC-AGUCCGGCU-GCUGCGGGG--AUGGECC . AUAUUGGU-UUGU--CUCCGUUC
Onclb5d aaauuUCCAAGUUUUAGGCCAGUUURAACUGGUCGCGGGGA-ABGGECCUUUUCUGGU-CBCUGAHECCCGUUY
Oncl55.2 aaauuUCCAAGUUUUAGGCCAGUUUAACUGGUCGCGGGGA-ABGGGCCUUUUCUGGU-CHCUGABCCCGUUU
0Oncl55.3 aaauuUCCAAGUUUUAGGCCAGUUUAACUGGUCGCGGGGA-AIGGEGECCUUUUCUGGU-CECUGAECCCGUUY
Oncl56 uuuaalUCU-UUUUUCAGC-AGUUCGGCU-GCUGCGGGG--RAUGGECC . AUAUUGGC-UUGU--CUCCGUUC
Oncl56.2 uuuaalUCU-CUUUUCAGC-AGUUCGGCU-GCUGCGGGG--AUGGECC . AUAUUGGC-UUGU--CUCCGUUC
Stllcontig07687/132-196  ..... UCGAAGUCUUAAGCCAGUGUAACUGGUUGCGGAMGAGGGACCU . AUUC-GGGAUUCCGABCCCGUUC
Stllcontig07687/646-710 ..... UAGAAGUCUUAAGCCAGUUUAACUGGUUGCGGGGABGGACCU . AUUC-GGGAUCCUGACCCCGUUC
Stllcontig29728/235-171 ..... UCCCAGUUCUAUGCCAGUUUAACUGGUAGCGAGGGAGGGACCU . AUUC-GGGCUCCCGABCUCGUUC
Stllcontig09855/859-923 ..... UCGAAGUGUUAAGCCAGUUUAACUGGUUGCGGGEAGAGARCCU . AUUC-GGGAUUCUUGCCCCGUUC
Stllcontig37331/136-200 ..... UAGCAGUUCUUAACCAGUUUAACUGGUUGCGGAUGAGGGACCU . AUUC-GGGAUCCUGACUCCGUUC
Stllcontigl5263/138-192  ..... UUCU-AAUUUCAGA-GGUCCGGCC-UCUGCGGAG--GAUANCC . ~UAA-GG--TAUC--UUCCGUUC
Stllcontig38690/136-190  ..... UUCU-ARUUUCAGA-GGUCCGGCC-UCUGCGGAG--GAUANCC . -URA-GG--UAUC--UUCCGUUC
Stllcontig05146/1257-1203  ..... UUCU-AUUUUCAGA-UGUUCAGCA-UCUGCGGGU. . CCUU-UC . CUAA-GA--GGGG . . AUCCGUUC

Pat|scaffold 63/404588-404525..... UCCA-AGUUUARACCRAUAUARUUGGUUGDGGGGGAGAGUCU . AUUCCGG-AACUCGAGCCCAUUU
Pat|scaffold 149/135969-136032....UCCA-AGUUUARACCUAUUURRUAGGUUGCGGGCGAGGCURBKU . AUUCCGG-AAGCUARGCUCGUUC
Pat|scaffold 58/125078-125141..... UCCA-AGUUUARACCUAUUURRUAGGUUGCGGGCAAGGCUBCU . AUUCCGG-AAGCUGAGCUCGUUC
Pat|scaffold 58/139292-139229..... UCCA-AGUUUAAACCUAUUUARUAGGUUGCGGGCAAGGCUMCU . AUUCCGG-AAGCUGAGCUCGUUC
Pat|scaffold 127/137631-137568. .. .UCCA-AGUUUAAACCUAUUURAUAGGUUGCGGGCAAGGCURCU . AUUCCGG-AAGCUARGCUCGUUC
Pat|scaffold 149/137102-137165. . ..UCCA-AGUUUAARACCUAUUURRUAGGUUGCGGGCAAGGCURCU . RUUCCGG-AAGCUARGCUCGUUC
Pat|scaffold 63/404799-404862..... UCCA-AGUUUAABCCRAUAURRUUGGCUGUGGGEGAGAGUBCU . AUUCCGG-AACUCGABCCCAUUY
Pat|scaffold 56/155470-155407..... UCCA-AGUUUARACCUAUUURAUAGGUUGCGGGCGAGGCURBCU . AUUCCGG-AAGCUGAGCUCGUUU

Nyo|AM890213/167-230  ..... UCCU-AGCAUCGGCUAGUAUAACUAGUCGCGGGUGGAGGABCU . AUUCCGG-AUCCBARGCCCGUUY
#=GC SS_cons ceereiniinnnnn KKK OO O -, SO>=DDD==>>>50> 1
#=GC RE L UCCuaaUuUUcAGCCaGuuuGgCuGGCUGCGGgggAagggeCC . AUAauGGgAcccuGAccCCGUUC

Figure 6.1: Sequence alignment of the Arisong RNA genes
The sequence portions which correspond to the conservedday structure (two consecutive stems) of all
ciliate Arisong RNA genes were aligned in a Stockholm forn@mpensatory changes supporting the sec-
ondary structure are indicated by color in pair, and incgtesit changes in the conserved common secondary
structure are indicated by red filled boxes.
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TACOOAT Adca TTA  AAOhaar CTTTOANTAS

PSE: ~60nt upstream 3’ box: ~10nt downstream

Figure 6.2: Consensus secondary structure of the Arisong RINAsheir flanking regula-

tory elements.

The structure shown is extrapolated from the individualatires of Arisong RNAs (examples are shown in
Figure 5.1). Each sequence is the majority-rule sequentgecsus of a multiple alignment of 32 Arisong
RNAs. Highly conserved residues (identicalin80% of aligned sequences) are shown in black; variable
residues (identical irc 50%) are shown as “N”; weakly conserved residues are in greyteddines for base
pairs indicate that not all sequences conserve those basepthat position. Consensus motifs for the PSE
and 3 box regulatory elements were generated from multiple aligmts using the WebLogo program [218],
after removing columns containing 50% gaps.

cium were flanked by typical transcription and processing sgjp@RNA polymerase II-
transcribed small RNAs, a USE, TATA box and a downstream ldd&ment (DE). The
Paramecium Arisong RNA predictions and snRNAs have identical USE seqgesrand
have a TATA box at around 18 nt downstream of a USE. HoweverPtBE ofOxytricha
Arisong RNA has sequence variability and does not includelaioas downstream TATA
box. A PSE sequence very similar @xytricha also can be detected at 60 nt upstream
of Arisong genes irBtylonychia and Nyctotherus for cases where sufficient upstream se-
guence is availableParamecium Arisong RNAs also have an identical downstream DE at
4-5nt downstream from the conserved “GTTY”éhd, which partially overlaps with the

Oxytricha 3' box element, thus suggesting a different DE consensus.
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6.3 Possible functions of Arisong RNA genes

The Arisong RNA has no detectable homology to any “known” ncRidhe families (in
Rfam). We attempted to determine the functions of Arisong RNAas experimentally

and conceptually.

6.3.1 Gene knock-down - RNAI

As we began to investigate the functionality of Arisong RNAs attempted to knock down
Arisong RNA expression by RNAI. This approaches has been addpst for Parame-
cium [223, 224] andTetrahymena [225], and recently for several protein-coding genes in
spirotrichous ciliates [226, 227] as well as specific long Rép&cies transcribed from the
macronucleus during conjugation®xytricha trifallax[161], though not for small ncRNA
genes in vegetative growth condition (L. Landweber, pesisoommunication).

Using five Arisong RNA genes in the stage 4 dataset (Onc91, DAcANc94, Onc95,
Onc96), we designed seven knock-down experiments thatdacknocking down each
Arisong RNA genes individually, all five Arisong RNA genes imnglination, and a neg-
ative control. We selected a 500 nt partial sequence of bapteage\ DNA that has no
significant similarity toOxytricha genome as a negative control. PCR fragments of almost
full-length regions of individual Arisong RNA gene were inisgl into L4440 plasmid to
transform HT115E. coli, and constructs were confirmed by PCR (data not shown). Af-
ter induction of RNA transcription in the transformé&dcoli using IPTG, we fed these

bacteria toOxytricha along with a small algal aliquot only for the first feedifg Knock-

2The reason to supply the algal culture in the starting dagefling the bacteria with RNAi construct is
that Oxytricha does not grow up well without them. (This was learned fromdw@ber’s lab in Princeton
University.)
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ing down any individual Arisong RNA gene did not result in arstettable phenotypes.
However, knocking down all five Arisong RNA genes caused sndt#sath after two and
half days feeding. Due to the sudden death, we could nottes®aA to confirm in vivo
RNA knock-down. So, we replicated our experiments sevematsi with total RNA ex-
tractions from samples d@xytricha culture in time series, but these experiments gave us
inconsistent results: partial death (reduced siz&xftricha population) or no observable
phenotype. Northern blots with extracted RNAs failed to slamy detectable knock down

of the targeted Arisong RNA species (data not shown).

6.3.2 Speculation on the functions of Arisong RNA genes

From the features of conserved secondary structure, tiphsand regulatory elements,
we can speculate about the function of Arisong RNA genes. r8kimes of weak evi-
dence suggest that Arisong RNAs may have a function relatsglimeosomal RNAs. The
Arisong RNAs have the same conserved flanking PSE abdx3motifs as spliceosomal
snRNAs. We identified U4atac and U6batac snRNA®xytricha, which demonstrates the
presence of a minor spliceosome, but the U11 and U12 homodogain unidentified. The
consensus structure of the Arisong RNAs does not appeardmids U11 or U12, and the
draft genome assembly is not complete, so it is possiblemsample the minor snRNA
gene containing nanochromosomes partially or entirelyitheéumore, both flanking ele-
ments are not unique to splicesomal RNAs; for example, thendBBIA gene has nothing
to do with the spliceosome, yet is also flanked by these elesnen

The B sequence variability of Arisong loci, and the two differsizes of the Onc91

Arisong RNA are somewhat evocative of splice leaders (SLspemial class of spliceoso-
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mal snRNAs found in organisms that perform trans-splicingsLAprovides a splice donor
site in trans; thus, the’ ®nd of the SL is spliced to a mRNA. Thérggion of an SL gene

has snRNA-like features, including an Sm-binding site [ZZ8}. However, the structure
of the Arisong RNAs does not resemble other known splice leR8&\s, nor do we see a
convincing conserved Sm binding site although we do idgrthserved putative Sm bind-
ing sites inOxytricha traditional sSnRNAs. We do not see thiesBquence of Arisong RNAs
on Oxytricha ESTs or cDNASs, suggesting that it is not an SL gene thouglsispficing is

found to be quite rare in some organisms, for instaBclistosoma mansoni [231].
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Chapter 7

Other known ncRNA genes InO. trifallax

In the course of this screen, we identified a total of 150 knaagRNA genes: 106 tRNAs
(51 distinctive loci), 13 5S rRNAs (1 loci), a rRNA, 6 snRNAs (Zip a SRP RNA, a
RNaseMRP and 12 snoRNAs (9 loci). Through homology-based searchfleyral/Rfam
on incomplete nanochromosomes, other essential nCRNA geees also detected: 3
RNase P (1 loci) and a telomerase RNA. Considering the 40-65%ngecompleteness of
the stage 1 data set, it is possible to miss other ncRNA gembsasumniRNA genes. How-
ever, spliceosomal snRNA and snoRNA genes that are amongrgesiknown ncRNA
gene families appear to still be underrepresented. So, wghsao study in more detail
how the spliceosomal small nuclear RNA (snRNA) gene family smdll nucleolar RNA
(snoRNA) gene family behaved in the screen, in order to confiah we were sampling
them at the expected frequency, and to look for any unexpeetesons why we might miss

NcRNA genes.
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7.1 Spliceosomal small nuclear RNA (snRNA) genes

Only the U2 and U6atac snRNAs were identified in the stage Isdatdf Oxytricha has
U2, it should have all RNA components of the major U1/U2 smigmme. If it has U6atac,
it should also have all RNA components of the minor U11/U1Zcsplsome [232]. This
was a surprising shortfall of knwon ncRNAs, and wanted to tdey could be found in
the non-full length nanochromosome data. We analyzed ttumplete contigs of the total
dataset using Rfam/Infernal homology searches and idehtifie additional distinct U2
snRNAs and one distinct locus each for U1, U4, U5, U6, and WAst&NA genes, essen-
tially as expected. Additional sequence analysis inclg&mylonychia conservation and/or
upstream PSE elments supported these loci. The presencgttotdatac and U6atac
strongly suggests th&xytricha possesses a minor spliceosome, although we were unable
to identify homologs of U11 or U12 snRNAs.

Thus only two of nine different distinct snRNA loci are comiadl in the stage 1 dataset.
We expected about half of them, given our coverage estinid@-65%. This finding could
indicate that the stage 1 data may contain a smaller fraofitime Oxytricha gene set than
we estimated earlier, but these numbers are small. Notdltes¢ five additional SnRNA
genes were not missed by our screen. They were never inclndéeé stage 1 data set
because they were not on fully sequenced nanochromosomgs@mplete nanochro-

mosomes interfered on this screen as it relied on idengfpiotein coding genes.
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7.2 Small nucleolar RNA (snoRNA) genes

In Eukarya and Archaea, two large families of snoRNAs diréet-specific nucleotide
modifications of rRNA and other target RNAs: C/D snoRNAs direg2iO-methylations,
and H/ACA snoRNAs directing pseudouridylations. We expeat litke other eukaryotes,
Oxytricha has tens to hundreds of snoRNAs [1ZDxytricha clearly has both snoRNA-
dependent modification systems, because we detect homaildlge conserved catalytic
protein components of the yeast C/D and H/ACA snoRNPs (Nopillditan and Cbf5/dyskerin)
and other C/D and H/ACA snoRNP core proteins [233Dxytricha by TBLASTN. How-
ever, the similarity search analysis in Table 3.1 only ideut four distinctive C/D snoRNAs
and no H/ACA snoRNAs, which was also a concern.

However, in contrast to the highly conserved spliceosomBINAS, it is not surpris-
ing that we would have difficulty identifying snoRNAs by horagly searches. snoRNAs
evolve rapidly and are difficult to detect reliably and sysatically by computational anal-
ysis alone [234]. We put additional effort into identifyirgset of probabléxytricha
snoRNAs in the WGS+pilot dataset, to see how snoRNA loci behawvedr screen. We
used a pair of gene class-specific genefinding programscanasd snoGPS [134, 209].
These programs suffer from a high false positive rate. Taicedhis, we requir&y-
lonychia sequence conservation. In addtion, we performed lowggriny Rfam/Infernal
homology searches and searches for conserved regionsdiapkke PSE motif identified
above as well as manual sequence analysis.

To search for the PSE promoter motif, we built an HMM modehirapstream 28
nt sequences of 1@xytricha and Stylonychia “known” ncRNAs such as snRNAs, SRP

RNA, RNase P, telomerase RNA by using hmmbuild and hmmcalilmattMMER?2.3.2

85



package (Figure G.A in Appendix G). By running hmmsearch ésetjuences and their
reverse complementary sequences in the WGS+pilot (totédlseg 476 sequences were
found to contain one or more PSEsS. The PSE has insufficientngtion content on its
own for distinguishing false positives particularly in ai-Ach genome. Thus, we re-
quired downstream conservation betwéxytricha and Stylonychia. We used BLASTN
with the “wordmask=dust wordmask=seg extramask=16 M=45N==10"" option. A
total of 56 sequences have putative PSEs located within t#e&SBIN alignment area with
additional 10nt flanking sequences at both ends and in noteiprregion predicted by
nanogenefinder. Among them, 13 PSE predictions are “knotes”sivhich are located at
upstream of “known” ncRNAs and arisong RNAs. All these PSE froatintain exact “AC-
CCAT” subsequence in their match, and an additional PSE gredicontains it. However,
this unknown PSE prediction is located at the intronic reddy nanogenefinder but pro-
tein region by BLASTX match. So solely relying on the PSE metifeen we could not
discriminate the false positives to find other snoRNA genes.

For the 3’ box motif search, we built an HMM model from dowestm 21 nt sequences
of Oxytricha arisong RNAs, H/ACA snoRNAs (Onc89 and Onc90), snRNAs and ssiyre
lonychia snRNAs by using hmmbuild and hmmcalibrate in HMMER1.8.5 pgekgrig-
ure G.C in Appendix G). After running hmmsearch on the totaiadet, we manually
investigated top 80 hits of which the lowest bit score is 24vheares the highest bit score
acquired from the shuffled sequences (negative control}i862 Among the examined
top 80 hits, 31 predictions are “known sites” which are ledaat downstream of known
NcRNAs and alleles of known ncRNAs. In the remained hits, 2@mddnt predictions were
not examined because they are located at downstream @satiebther loci, and 11 predic-

tions of which upstream regions are not conserveslytonychia seem to be false positives.
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Only 4 new snoRNAs (3 C/D box snoRNAs and 1 H/ACA box snoRNA) whichehzon-
served snoRNA features and structureStiylonychia could be detected confidently from
the 3’ box predictions; however, 3’ box motif is conservedyan one C/D snoRNA. Re-
mained predictions are located at downstream of suspicioR&NA candidates which are
not conserved igtylonychia.

For computational detection of apparently missing C/D snoBNshoscan0.9b [134]
was run on the stage 1 data set, usiwytricha LSU, SSU, 5.8S and 5S rRNAs as target
sequences. To reduce false positives, BLASTN was used f@ecaation detection ifty-
lonychia with a 107° E-value cutoff. The snoRNA gene candidiate containing narmc
mosomes were examined for the possible existence of proteiding genes and their
structures using our nanogenefinder and QRNA.

For computational detection of H/ACA snoRNAs, we ran snoGR&M9] on the stage
1 dataset. This software requires candidate pseudoutiolylarget sites. We provided 31
target sites in LSU and SSU rRNA that are conserved pseuddaiimh target sites and also
conserved ifDxytrichal. For estimating the false positive rate, we ran the prograrh0®0
randomly generated sequences, the same dataset usedgerftirenance test of nanoclas-
sifier, using all uridine ribonucleotide sequences as taitgs. The haca2stemv?7.table and
haca2stemv4a.desc files in the package were used as thdadglerand descriptor. To se-
lect candidates for further analysis, we used 38.5 scomfaftwhich the estimated false
positive rate from random sequences is 8.9% in sequenck leWACA snoRNA genes
also have weak signals in primary sequence features ansiaitvgare has a high false pos-

itive rate as determined by random sequence controls. Spglied stringent conservation

1The conserved target pseudouridylation sites are infeyeshbRNAs correspondence between human
and yeast which are listed in snoRNABase database websitg: / / ww\»+ snor na. bi ot oul . fr/
human_yeast/
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requirements t&ylonychia by using BLASTN with the “wordmask=dust wordmask=seg
extramask=16 M=4 N=-5 E=10" option.

All told, after analyzing the entire assembly (not only gtdgdata), we predicted 35
distinct snoRNA loci. This includes 29 distinct methylatignide C/D snoRNAs, five dis-
tinct H/ACA snoRNAs, and one distinct U3 snoRNA locus, on 20et#ht contigs. Only
four of the 20 contigs (20%) are incomplete and fail to redehdtage 1 dataset, somewhat
fewer than expected from 40-65% coverage. Nine of 16 (56%pclaromosomes in the
stage 1 dataset are are classified as coding, about whatastegpfrom our observation
that 50% ncRNAs occur on honcoding nanochromosomes. Of thekihly a clear protein
gene, one carries a known snoRNA (U18), and another has nerseggoverage ifty-
lonychia. Five nanochromosomes, each apparently carrying a singlRNA gene, pass
the entire screen and are included in our stage 5 final catediadel.

The majority of the identified C/D snoRNAs are in two large asrag incomplete con-
tigs: a 3.5 kb contig that contains 12 C/D snoRNAs and a 1.5 kbgtmat contains 4 C/D
snoRNAs. snoRNAs are known to occur in clusters in many othgarosms [235, 236],
sometimes because an entire cluster is carried on one l@egnsor noncoding RNA that
is processed to release multiple snoRNAs [65, 237]. In bogintifled arrays, the C/D
snoRNAs appear to be intronic within a noncoding RNA carrianscript, as indicated by
the presence of strongly conservéaplice sites and lack of other conservation or signifi-
cant protein coding potential in the contigssBlice sites are less conserved and more diffi-
cult to identify in AT-richOxytricha sequence. In addition to these snoRNAs in two arrays,
other four C/D snoRNAs were intronic in coding genes in theesthganochromosomes,
and one (a U18 homolog) was flanked by a strong conservedrsunsg splice site and is

probably intronic as well. It therefore appears likely thany, perhaps most snoRNAs in
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Oxytricha are intron-encoded in a combination of coding genes andathng transcripts.

Large arrays may be on large contigs that are less likely falbeassembled in the current
dataset: it was only back luck in assembly that these arrighaat appear in our stage 1
dataset. Intron-encoded ncRNAs in coding genes will comsilst be screened out by the
coding gene classifier step; however, it is a “feature” of szreen to find independently-
transcribed functional ncRNA genes, which misses ncRNA gprasessed out of introns
from protein coding genes. Although the screen succegstatiects both C/D and H/ACA

snoRNAs, they are likely underrepresented for these reasons
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Chapter 8

Conclusions

Our screen identified a novel family of at least 32 small Ang&NA genes that are flanked
by detectable upstream and downstream regulatory elenmefasr ciliate species, which
encompass a previous prediction of six small RNA locParamecium tetraurelia called
PMO011-6 [217]. We confirm not only Chen et al.’s computational jcBdn of six novel
small RNAs, but also extend it by: a) expanding the Arisong Ridfify by including
other paralogs ifParamecium and homologs in other three ciliate species; b) confirming
the expression and defining Boundaries of transcripts of some representatives of this
family in Oxytricha by Northern and RACE-PCR; and c) recognizing that all members of
the family share a distinctive consensus secondary steictu

If we assume that there is no systematic bias in independeatibnal ncRNA gene dis-
tribution across nanochromosomes, we can estimate thatrdtoability of sampling any
given ncRNA gene in the complete screen is roughly 10%. Thimate is calculated by
multiplying ~50% completeness of the genome&0% of known ncRNA genes found on

noncoding nanochromosomes (per the 134 known ncRNAs in Bab)e~80% specificity
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of the computational nanoclassifier (derived from the oles#10.17 FP rates for coding
predictions), and-50% Stylonychia coverage for detecting conserved regions (0.5* 0.5 *
0.8 * 0.5 = 10%). Our estimated 10% overall sampling rate igyhdy consistent with the
rate at which the major and minor spliceosomal RNAs made itages4 in our screen (2
of 9). Including all full-length nanochromosome candigaihich are not obviously cod-
ing fragments, a total of 88 “quasialleles” of independemictional ncRNA genes passed
through to stage 4 in our screen. Our screen identified nonadRYA-like ncRNA genes,
other than probable noncoding host transcripts for arrdygmnic SnoRNAs. This result
suggests thad. trifallax has roughly a thousand alleles of independent functiornaN#c
genes. Note that “88” is not the number of genes, but ratreentimber of alleles - these
may include paralogs or orthologs from the other strain 3@ estimated number should
be lowered by two- to four fold to obtain the number of genesterms of ncRNA gene
families, the number should be reduced further. Othertiseslight sampling bias in the
stage 1 dataset as discussed in Chapter 3 might not causeesirobnaagnitude difference
in total NcRNA gene numbers. ThereforeQiytricha has large numbers of undiscovered
NcRNASs in its macronuclear genome, they are unlikely to benfindependently tran-
scribed ncRNA genes. Clearly some ncRNA genes are locatedhwiittions of protein
genes, which are invisible to our screen. Additional ncRNAs/mome from nongenic
transcription or from processes associated with transenf coding mRNAs in cis, in-
cluding cis-antisense RNA and other cis-transcribed ncRN¥sr{apping coding regions
or regulatory regions for coding genes) such as RNAs invoiredhromatin modification
or transcriptional interference. Our conclusion is camesis with recent arguments that
most of the “ncRNA” that has been observed in mammalian system mixture of techni-

cal artifact, introns, alternatively processed polyAsiieomoters/exons and RNAs arising
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from cis-acting processes associated with transcriptiorearby coding genes [103].

If novel independently transcribed ncRNA genes were nungemweukaryotes, we
would have expected to see many noncoding nanochromosamnging single NcCRNA
genes. Instead, our coding nanoclassifier immediatelgitiad 95% of nanochromosomes
as protein-coding — which is essentially all of them, beeats nanoclassifier has an esti-
mated 6% false negative rate of misclassifying coding nermunosomes. This conclusion
in Oxytricha, the relative paucity of independent functional ncRNA gemeight be ex-
panded into other eukaryotes although there are the foligémitations. One limitation
is that our approach does not look for the possibility of ncRf§&xes in the micronu-
cleus. Although the micronucleus is generally transasifily silent and not considered
to harbor active genes, it becomes briefly transcriptigredtive after conjugation, during
the process of forming a new macronucleus. Among the mialeau RNAs expressed
at this time are transcripts of a major transposon family (ITBE61]. To propagate in a
normally silent germ line, micronuclear-limited transpogenes presumably need special
adaptations. Another limitation is that the unicelluldiates are evolutionarily distant from
the most commonly studied lineages of plants and animalsat€sl clearly utilize func-
tional but nongenic ncRNA transcripts extensively in DNAw@hation and rearrangements
[160, 162—-166]. Nonetheless ciliates might systematidattk ncRNA-dependent regula-
tory systems that are important in other lineages. A screarunicellular ciliate therefore
does not bear directly on the question of whether there age laumbers of ncRNA genes
specific to “complex” multicellular organisms [30, 238]. dbes, however, have a bear-
ing on the question of whether there are large numbers osaadered ncRNA genes in
eukaryotes in general.

Our study also illustrates some of the difficulties in digtirshing noncoding RNA
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genes from other RNA products, such as mRNAs for small, unusuaépidly evolving
coding genes. At each step of our screen — probabilisticfgetieg, similarity to known
proteins, and using the evolutionary pattern of coding geéution inOxytricha/Stylonychia
sequence alignments — we detected and removed a large poopof apparent coding
genes. Even so, after all these steps, in the final set of 1drapiy noncoding con-
served nanochromosomes, 5/17 appear to us upon manuasiartalyontain fragments
of conserved coding sequence. Although some feature®afteicha-specific due to the
extraordinary genome processing, this multistep anatysig be contrasted to studies that
have identified large numbers of putative “noncoding” RNAmgoverly simple defini-
tions such as the lack of an ORF100 aa [29, 144], or finding cDNA transcripts that do
not overlap with Ensembl gene predictions [239]. We beliene reason that we find so
few ncRNA genes, whereas other studies find so many, resoitsdifferent standards in
computational analysis of coding genes. In light of our ltsstere, we believe that “non-
coding” RNA loci in other organisms merit careful reexamioat as others have argued

[97, 99, 141].
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Appendix A

Appendix: tRNA gene analysis on the

total dataset

tRNAscan-SE program [131] found total 243 tRNA genes in thaltdataset: 40 tRNA
genes in the pilot dataset and 203 tRNA genes in WSG dataset.nByineg redundancy,
we found 143 unique loci for tRNA genes which encode 78 unidtid4 genes; that is,
some of tRNA genes in different loci encode identical tRNA geequences. They rep-
resent all 20 amino acid tRNA types which include 1 pseudegard 4 undefined tRNA
types. They also represent 48 anticodons. When considenbgle rules in the third po-
sition in codon, they still miss 2 anticodon types, whearesticodon types which don’t

follow wobble rules are included.
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Phe— 0.22(0.32) UUU\ AAA 0 Ser — 0.19(0.2) UCU— AGA 1
L 0.78(0.68) UUC— GAA 3 0.25 (0.12) UCC” GGA 0
Leu[— 0.1 (0.19)UUA— UAA 2 0.3 (0.37)UCA— UGA 5
' 0.15(0.23) UUG— CAA 4 — 0.03(0.02) UCG— CGA 1
Leu— 022(0.21)CUU—, AAG 3 Pro — 023 (0.23) COU— AGG 3
0.39 (0.24) CUC” GAG 1 0.33 (0.15) cCC” GGG 0
0.08 (0.09) CUA— UAG 2 0.43 (0.6) CCA— UGG 6
— 0.05(0.03) CUG— CAG 1 — 0.01(0.02) CCG— CGG 2
lle — 037/(046) AUU—, AAU 3 Thri—  0.38(046) ACU— AGU 2
0.56 (0.4) AUC” GAU 1 0.49 (0.31)ACC” GGU 1
L 0.07 (0.14) AUA— UAU 3 0.13 (0.22) ACA— UGU 3
Met AUG— CAU 5 <0.005 (0.01) ACG— CGU 1
Val — 0.36(0.45)GUU— AAC 3 Ala — 042 (0.47) GCU— AGC 6
0.38 (0.26) GUC”” GAC 0 0.39 (0.26) GCC” GGC 0
0.13 (0.18) GUA— UAC 1 0.18 (0.26) GCA— UGC 2
0.13(0.11) GUG— CAC 1 0.01 (0.01) GCG— CGC 2
Tyr [~ 037 (049) UAU\ AUA 0 Cys[~ 02 (0.37)UGU\ ACA 0
L 0.63(0.51)UAC— GUA 6 L 0.8 (0.68)UGC—GCA 2
" 011 (009) UAG— CUA 4 T UGG—COA 3
— o . — rp —
His [~ 0.32 (0.48) CAUN_AUG 0 Arg — 0.03(0.07) CGU— ACG 1
'— 0.68(0.52) CAC— GUG 4 0.05 (0.03) CGC” GCG 0
GIn [~ 048(0.51) CAA— UUG 2 0.00(0.002)CGA— UCG 1
‘— 0.24 (0.09) CAG— CUG 1 0.00(0.002)CGG— CCG 0
Asn[— 036 (0.48) AU\ AUU 0 Ser [~ 0.08(0.17) AGU\ ACU 0
L 0.64 (0.52) AAC— GUU 5 ' 0.15(0.12) AGC— GCU 5
Lys [~ 0.28(0.4) AAA—UUU 7 Arg [~ 0.87 (0.85) AGA— UCU 1
L 0.72(0.6) AAG— CUU 5 L 0.07 (0.05)AGG— CCU 1
Asp— 0.53(0.66) GAU\ AUC 0 Gly — 0.41(0.52) GGU\ ACC 0
L 0.47(0.34)GAC™GUC 6 0.15 (0.12) GGC— GCC 4
Glu [~ 0.52(0.59) GAA— UUC 4 0.42 (0.33) GGA— UCC 3
'~ 0.48 (0.41) GAG— CUC 3 0.01 (0.02) GGG— CCC 0

Figure A.1:Oxytricha genetic code and associated tRNA genes
For each of the 64 codons, this figure shows following thirtgs: corresponding amino acid, the observed
frequency ofOxytricha codon from the Prescott paper [171], the observed frequeh€y trifallax codon
from publicly available 26 genes in NCBI, predicted wobb#rimg to a tRNA anticodon, an unmodified
tRNA anticodon sequence, and the number of tRNA genes foutidtiae corresponding anticodon. Red
numbers indicate missed tRNA genes which have the correéampranticodons. Blue numbers indicate
tRNA genes having the corresponding anticodons which dolédw wobble rules.
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Appendix B

Appendix: Telomere endpoints
coordinates of contigs in the stage 3

dataset

Coordinates of telomere endpoints of contigs in WGS2.1.1séat@mong stage 3 dataset
(full-length nanochromosomes) are listed because atldéaldjth nanochromosomes are too
much to be listed. These telomeres are detected by Smiterivah alignment with min-
imal sequences of @and 3 telomeres, so their end points might not be the genuine end
points of telomeres. In the list, “start” means the starfogition of minimal 5telomere

and “end” means the ending position of minimatéomere, i.e. starting and endind point

of nanochromosomes inclusive of those telomeres.
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Table B.1: Coordinates of telomere ends

Contigname | start| end || Contigname | start| end || Contigname | start| end
Contig72558.2| 1 1665 || Contig71216.1) 17 | 814 | Contig44272.1) 16 | 913
Contig65279.1| 98 | 738 || Contigl2754.1| 19 | 1201 | Contig64166.1| 182 | 791
Contig41939.1| 14 | 1611 || Contig57493.1| 12 | 993 || Contig90597 1 2508
Contigh8322.1| 15 | 746 || Contig75252.1| 1 2510 || Contigd7631.1| 3 1016
Contig63601.1| 6 670 || Contig36794.2| 459 | 1065 || Contig72592.3| 160 | 1258
Contig81663.1| 21 | 1748 | Contigh6717.1| 17 | 515 || Contig44542.1| 63 711
Contig54011.1| 9 802 || Contig40627.1) 13 | 1442 || Contig56466.1 24 | 637
Contig32977.1| 1 1274 || Contig63692.1] 5 1433 || Contig56085.1| 12 | 1868
Contig63165.1| 23 | 2037 || Contig201758 | 18 | 1062 || Contig350.1 24 | 640
Contig69833.1| 16 | 1792 || Contig36467.1| 1 2551 || Contig62738.1| 1 1440
Contig42360.1) 6 | 1093 || Contig65036.1| 167 | 773 || Contig52618.1 1 | 2081
Contigd5979.1| 2 1417 || Contig70704.1) 12 | 898 | Contig36544.2| 23 | 1605
Contig64625.1| 58 | 2002 || Contigh3544.1| 9 1768 || Contig33474.1) 135 | 874
Contig46462.1) 59 | 1336 || Contig40060.1| 13 | 1855 || Contig42218.1 89 | 1466
Contig64682.1| 4 1639 || Contig20293.1] 57 | 1800| Contig71362.1] 12 | 1314
Contig79287.2| 367 | 836 || Contig77349.1| 201 | 1024 || Contig60577.1| 12 | 2134
Contig37941.1| 65 | 3047 || Contig68529.1| 58 | 1950 | Contig66981.1| 12 | 1773
Contig80041.1| 12 | 1182 | Contig30968.1| 1 1076 || Contig38743.1) 58 | 1481
Contig41267.1| 57 | 1674 || Contig54158.1| 1 789 || Contig20377.1 13 | 1181
Contig63886.1| 1 | 1285 | Contig65897.1| 57 | 1486 | Contig70376.1| 21 | 1398
Contig73674.2| 263 | 879 || Contigd6616.1] 14 | 630 | Contig63474.1 12 | 1522
Contig4d5079.1| 57 | 1822 || Contig70731.1| 12 | 803 || Contig71432.1| 8 597
Contig80821.1| 366 | 1286 || Contig56341.1| 59 | 1644 | Contig54157.1| 13 | 1118
Contig34132.1| 1 1160 || Contig19117.1] 166 | 841 | Contig37944.1] 59 | 1655

Continued on next pag

D
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Table B.1 — continued from previous page

Contigname | start| end || Contigname | start| end || Contigname | start| end
Contigb6473.2| 246 | 859 || Contig67238.1] 13 | 871 || Contigh0047.1 8 | 1307
Contig21168.1| 2 773 || Contig90796 58 | 1452 || Contig57364.1| 13 | 1819
Contig71359.1| 24 | 845 || Contig27888.1| 424 | 1152 || Contig62704.1| 9 1384
Contig42299.1| 15 | 916 || Contigh5772.1| 56 | 1035 | Contig61428.1| 18 | 934
Contig79483.1| 16 | 838 || Contig71781.1| 9 1150 || Contig15953.1) 57 | 1587
Contig28252.1| 12 | 1023 | Contig27958.1| 20 | 1110 | Contig50209.1| 209 | 842
Contigs7707.1| 15 | 1150 | Contig64767.1| 9 963 || Contig65115.1] 1 1306
Contig77913.1| 62 | 1892 || Contig38310.2| 58 | 2110 | Contigd2625.1| 56 | 1465
Contig38449.1| 428 | 1007 || Contigd7514.1) 390 | 1106 || Contig37041.1) 57 | 1602
Contig82949.1| 1 3491 || Contig37987.1] 56 | 1731 || Contig7084.1 | 184 | 830
Contig47030.2| 8 1174 | Contig57787.1 5 1198 | Contig73911.1] 62 | 1530
Contig40198.1| 128 | 732 || Contig49984.1| 17 | 1067 | Contigd7714.1| 212 | 848
Contig44659.1| 8 890 || Contig64181.1 10 | 1057 || Contig23611.1 15 | 936
Contig53962.1| 229 | 790 || Contig53992.1| 178 | 820 || Contig49976.1| 6 455
Contig27153.1| 20 | 1532 || Contig63683.1| 41 | 844 | Contig52483.1| 57 | 1635
Contig41931.1| 182 | 1528 || Contig44069.1| 16 | 913 | Contig62533.1| 14 | 601
Contig64310.1| 8 559 || Contig36242.1) 147 | 854 || Contig63998.1| 350 | 1224
Contigh5752.1| 57 | 1445 | Contigh7521.1| 69 | 1929 || Contig52959.1| 1 1405
Contig76009.1| 1 | 1553 || Contig42303.1| 8 | 1062 || Contig69957.1| 6 672
Contig41708.1| 56 | 1464 || Contigd2246.1| 60 | 933 || Contig200270| 20 | 914
Contig15155.2| 449 | 1896 || Contig71999.1| 9 1502 || Contig46853.1] 4 1454
Contigd7794.1| 56 | 2351 || Contig71398.1| 530 | 999 || Contig82141.1| 5 746
Contig74167.1| 15 | 1664 || Contig50244.2| 172 | 821 || Contig63694.1| 14 | 754
Contig46532.1| 16 | 1050 | Contig52250.1] 52 | 2178 | Contigl1669.1] 20 | 1182
Contig70680.1f 3 | 1237 || Contigb0051.1| 127 | 801 || Contig22505.1] 1 | 1609

Continued on next pag

11°
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Table B.1 — continued from previous page

Contigname | start| end || Contigname | start| end || Contigname | start| end
Contig71072.1] 8 867 || Contig83246.1] 59 | 2391 | Contig71315.1] 2 904
Contig71215.1| 233 | 720 || Contig64079.1] 13 | 1046 | Contig62742.1) 11 | 1346
Contig28854.1| 224 | 761 || Contig64780.1| 281 | 1581 || Contig38453.1| 348 | 1057
Contig55875.1| 11 | 1756 || Contig63032.1] 1 597 || Contig51710.1] 9 | 1535
Contig63348.1| 14 | 614 || Contig50237.1] 13 | 662 | Contig63260.1 5 | 1403
Contig85069.1| 59 | 1452 | Contig27013.1| 9 737 || Contigl1508.1 3 | 1484
Contig53197.1| 316 | 814 || Contig8162.1 | 55 | 2725 || Contig44402.1| 250 | 863
Contig58094.1f 1 | 1460 || Contig20965.1 8 753 || Contig13832.1| 254 | 887
Contig56080.1) 1 | 1130/ Contig63545.1) 13 | 797 || Contig63671.1] 14 | 1173
Contig84680.1| 57 | 2366 | Contig60049.1| 252 | 1681 || Contig39846.1] 1 | 1335
Contigd2494.1f 1 | 1458 | Contig57944.1 12 | 757 | Contig53310.1 17 | 1096
Contig52417.1| 58 | 1585 | Contig37908.2| 256 | 872 || Contig64187.1| 89 | 862
Contig45510.1| 181 | 861 || Contig49716.1| 17 | 827 || Contig62743.1 10 | 1130
Contig21532.1| 170 | 805 || Contig20923.1| 16 | 909 | Contig58516.1 65 | 782
Contig4340.2 | 58 | 1334 | Contig72585.2| 227 | 859 || Contig54150.1f 8 | 1436
Contigh3762.1| 9 | 1009 || Contig71212.1] 12 | 1325| Contig57129.1| 26 | 1867
Contig72791.1| 367 | 838 | Contig49753.1| 7 908 || Contig44757.1 1 | 1019
Contig49185.1| 8 741 || Contig49074.1 1 | 1392 || Contig79964.2] 4 767
Contig40129.1| 17 | 1110 || Contig201267 | 322 | 881 || Contig78823.1 3 | 1254
Contig70148.1) 20 | 609 | Contigs7150.1 7 | 1227 || Contig202913| 9 | 1100
Contig42445.1) 54 | 2400 | Contig9982.1 | 270 | 1319 || Contig200640| 9 | 1125
Contig47479.1) 15 | 934 | Contig52992.1| 502 | 832 || Contig56296.1] 58 | 2605
Contig46225.1| 58 | 1633 | Contig72727.1] 376 | 1538 | Contig63727.1| 15 | 912
Contig47353.1) 3 | 1630 | Contigd2454.1) 17 | 918 || Contig16863.1) 10 | 1068
Contig34069.1| 8 836 || Contig57675.1] 119 | 840 || Contig24276.1| 56 | 943

Continued on next pag

11°
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Table B.1 — continued from previous page

Contigname | start| end || Contigname | start| end || Contigname | start| end
Contig84022.1| 486 | 2774 || Contig76779.1| 223 | 802 | Contig20685.1] 93 | 881
Contig45856.1| 60 | 1013 | Contig74674.2| 113 | 788 | Contig204907 | 282 | 788
Contig42078.1| 552 | 1778 | Contig63555.1| 14 | 932 || Contig71254.1] 8 | 1154
Contig45583.1| 15 | 628 || Contig63306.1] 3 | 1169 | Contig53857.1f 9 | 1042
Contig16891.1| 19 | 1121 || Contig25788.1 4 | 1091 | Contig44349.1 11 | 952
Contig64742.1) 16 | 1604 | Contig79253.2| 246 | 862 || Contig93299 | 58 | 2197
Contig57619.1| 312 | 783 || Contig44235.1| 10 | 812 || Contig66475.1 9 842
Contig14700.1| 11 | 2135 Contig42186.1] 2 | 1500 | Contig54139.1 9 637
Contig64473.1) 54 | 1722 | Contig52231.1| 55 | 1897 || Contig57109.2| 461 | 2342
Contig27559.1| 13 | 928 || Contig72503.1] 13 | 1170 | Contig5306.1 | 70 | 1217
Contig202880 | 233 | 812 || Contig204375| 10 | 1509 | Contig63304.1 14 | 1384
Contig80981.1| 16 | 1494 | Contig35667.1) 204 | 834 || Contig36615.1] 7 | 2208
Contig44498.1| 13 | 1345| Contig41841.1) 55 | 1696 || Contig50763.1] 2 | 1960
Contig90468 | 13 | 1035| Contigd7258.1 9 832 || Contigd7315.1| 214 | 726
Contig45590.2| 256 | 869 | Contig54172.1] 1 853 || Contigh3584.1| 277 | 1277
Contig82969.1| 292 | 875 || Contig202273| 22 | 1537 | Contig72578.1| 244 | 875
Contig58176.1) 8 | 1414 | Contig35598.1) 12 | 2255 || Contig60019.1] 12 | 1144
Contig69506.1| 29 | 1528 || Contig91146 | 272 | 749 || Contig54004.1] 14 | 810
Contig24059.1| 52 | 1336 || Contig83373.1] 295 | 921 || Contig57769.1| 21 | 868
Contig27097.1| 14 | 836
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Appendix C

Appendix: Oxytricha gene list

Oxytrichatrifallax gene list contains the following fields:

1.

A~ W

Locus name. "Distinct” loci are called “OncXX”; other lioa the same “quasiallelic” group are called “OncXX.y”.

. coordinates. start..end If start is greater than endslacon Crick strand.

. Source contig. A sequence name in the WGS+pilot dataset.

. Stage. Highest stage the contig reached in the screerdfificomplete contigs in WGS+pilot; 1-5 = stage 1..stagetasis.
. Locus type. Semi-controlled classification vocabul&ig2:snRNA or C/DsnoRNA, for example.

. Length. Length of the locus in nt.



A0)

7. Experiments. N = size, expression confirmed on Northermsize, expression, ends confirmed by overlappin@ RACE-
PCRs. N,R=both .=neither. (The lowercase letters indicatettieaexperiments were not done directly at these loci butltes
were infered from a representative locus, because trgtsaf them are same.)

8. Etc. Homologous Rfam family name detected by cmsearchtaredalue or other detection method

Although the OncXX numbering reaches Onc154, the numbersatrall used. For example,there are not 154 distinct loci in
this file. The assignment of “distinct loci” is subjectivecawe rearranged it late in our analysis when we realize@tharpretty
clear pattern of up to four "alleles” per quasiallelic grotguggesting that the macronuclear genome is tetraploid.comverted
many loci from "distinct” to "quasialleles”. Also, the OneXnumbers are not consecutive in this file. OncXX numbers were
assigned as we discovered new loci, whereas the list isgedaimto sensible sections: tRNAs, rRNAs, miscRNAs, snRNAs,

snoRNAs, and finally the “novel” candidates identified by ta@agenefinder screen.

Table C.1: Summary of alDxytricha trifallax loci

Locus name| Coordinate| Contig name Stage Locus type Length | Experiments| Etc

Oncl 377..449 | Contig19117.1 4 tRNA(Asn,GTT) 73nt . Rfam:RF00005:1e-13

Oncl.2 324..396 | Contig74674.2 4 tRNA(Asn,GTT) 73nt . Rfam:RF00005:1e-13

Onc2 701..629 | Contig76935.2 1 tRNA(Asn,GTT) 73nt . Rfam:RF00005:1e-13
Continued on next page
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Table C.1 — continued from previous page

Locus name| Coordinate| Contig nhame Stage Locus type Length | Experiments| Etc

Onc3 259..188 | Contig200270 4 tRNA(Lys,TTT) 72nt N Rfam:RF00005:4e-14
Onc3.2 265..194 | Contig40129.1 4 tRNA(Lys,TTT) 72nt n Rfam:RF00005:4e-14
Onc3.3 257..186 | Contig53310.1 4 tRNA(Lys,TTT) 72nt n Rfam:RF00005:4e-14
Onc53 176..248 | OXAO-aab15f07 4 tRNA(Lys,CTT) 73nt N Rfam:RF00005:5e-13
Onc53.2 229..301 | Contig35865.1 1 tRNA(Lys,CTT) 73nt n Rfam:RF00005:5e-13
Onc53.3 1184..1112| OXAO-aabl7el2 1 tRNA(Lys,CTT) 73nt n Rfam:RF00005:5e-13
Onc7 381..453 | Contig38385.1 1 tRNA(Lys,CTT) 73nt n Rfam:RF00005:5e-13
Onc7.2 188..260 | Contig91659 1 tRNA(Lys,CTT) 73nt n Rfam:RF00005:5e-13
Onc8 607..535 | Contig42095.1 1 tRNA(Lys,CTT) 73nt n Rfam:RF00005:5e-13
Onc8.2 197..269 | UGC100003C05.F 1 tRNA(Lys,CTT) 73nt n Rfam:RF00005:5e-13
Onc9 451..524 | Contig201758 4 tRNA(Val,AAC) 74nt Rfam:RF00005:8e-12
Onc9.2 619..546 | OXAC-aaa03e08 4 tRNA(Val,AAC) 74nt Rfam:RF00005:8e-12
Oncl1 266..194 | Contig82806.1 1 tRNA(Val, TAC) 73nt Rfam:RF00005:9e-14
Oncl2 2257..2185| Contig75612.1 1 tRNA(Val,CAC) 73nt Rfam:RF00005:7e-11
Oncl2.2 2259..2187| Contig81063.2 1 tRNA(Val,CAC) 73nt Rfam:RF00005:7e-11
Onc13 433..363 | Contig202880 4 tRNA(GIn,CTG) 71nt Rfam:RF00005:3e-13
Oncl3.2 423..353 | Contig76779.1 4 tRNA(GIn,CTG) 71nt Rfam:RF00005:3e-13

Continued on next pag
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Table C.1 — continued from previous page

Locus name| Coordinate| Contig nhame Stage Locus type Length | Experiments| Etc

Onc13.3 492..422 | Contig82969.1 4 tRNA(GIn,CTG) 71nt Rfam:RF00005:3e-13
Oncl4 248..177 | Contig78714.1 1 tRNA(GIn,TTG) 72nt Rfam:RF00005:3e-14
Oncl14.2 302..231 | Contig79809.1 1 tRNA(GIn, TTG) 72nt Rfam:RF00005:3e-14
Oncl5 1064..1134| Contig42065.1 1 tRNA(GIn,CTA) 71nt Rfam:RF00005:3e-12
Onc15.2 1064..1134| Contig50398.1 1 tRNA(GIn,CTA) 71nt Rfam:RF00005:5e-12
Onc39 243..172 | OXAD-aaa02el1l 4 tRNA(GIn, TTA) 72nt Rfam:RF00005:3e-14
Onc39.2 243..172 | OXAD-aaa04h06 4 tRNA(GIn,TTA) 72nt Rfam:RF00005:3e-14
Oncl6 419..490 | Contig35667.1 4 tRNA(Gly, TCC) 72nt n Rfam:RF00005:2e-13
Oncl6.2 232..303 | OXAE-aad39c12 4 tRNA(Gly, TCC) 72nt n Rfam:RF00005:2e-13
Onc16.3 224..295 | UGC100005L02_F 4 tRNA(Gly, TCC) 72nt n Rfam:RF00005:2e-11
Oncl7 458..529 | Contig72578.1 4 tRNA(Gly, TCC) 72nt N Rfam:RF00005:2e-13
Oncl7.2 442.513 | Contig72585.2 4 tRNA(Gly, TCC) 72nt n Rfam:RF00005:2e-13
Oncl7.3 375..446 | Contig72592.3 4 tRNA(GIy,TCC) 72nt n Rfam:RF00005:2e-13
Oncl18 617..547 | Contig38449.1 4 tRNA(Gly,GCC) 71nt Rfam:RF00005:4e-12
Onc18.2 388..458 | OXAO-aaab61cl0 4 tRNA(Gly,GCC) 71nt Rfam:RF00005:4e-12
Onc18.3 196..126 | Contig93074 1 tRNA(Gly,GCC) 71nt Rfam:RF00005:4e-12
Onc20 367..439 | Contig41931.1 4 tRNA(Thr,AGT) 73nt Rfam:RF00005:1e-11

|

!

!

|

Continued on next pag
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Table C.1 — continued from previous page

Locus name| Coordinate| Contig nhame Stage Locus type Length | Experiments| Etc

Onc21 206..135 | OXAB-aaa03d02 1 tRNA(Thr, TGT) 72nt Rfam:RF00005:5e-14
Onc21.2 989..1060 | Contig36821.1 1 tRNA(Thr, TGT) 72nt Rfam:RF00005:5e-14
Onc23 230..159 | Contig42299.1 4 tRNA(Met,CAT) 72nt Rfam:RF00005:5e-1(
Onc23.2 216..145 | OXAO-aab16f12 4 tRNA(Met,CAT) 72nt Rfam:RF00005:5e-1(
Onc23.3 233..162 | Contig42454.1 4 tRNA(Met,CAT) 72nt Rfam:RF00005:5e-1(
Onc24 221..293 | Contig78307.1 1 tRNA(Met,CAT) 73nt Rfam:RF00005:4e-12
Onc25 192..120 | Contig44069.1 4 tRNA(Ala,AGC) 73nt Rfam:RF00005:1e-0¢
Onc25.2 737..809 | Contig44272.1 4 tRNA(Ala,AGC) 73nt Rfam:RF00005:1e-0¢
Onc25.3 176..104 | OXAE-aae01d07 4 tRNA(Ala,AGC) 73nt Rfam:RF00005:1e-04
Onc25.4 724..796 | OXAC-aaa08h01 4 tRNA(Ala,AGC) 73nt Rfam:RF00005:1e-0¢
Onc26 185..113 | Contig202071 1 tRNA(Ala,AGC) 73nt Rfam:RF00005:1e-0¢
Onc26.2 2253..2181| Contig7063.1 1 tRNA(Ala,AGC) 73nt Rfam:RF00005:1e-04
Onc28 210..281 | Contig83003.1 1 tRNA(Ala, TGC) 72nt Rfam:RF00005:5e-13
Onc28.2 252..323 | Contig83010.2 1 tRNA(Ala, TGC) 72nt Rfam:RF00005:5e-13
Onc29 1032..961 | Contig56335.1 1 tRNA(Ala,CGC) 72nt Rfam:RF00005:8e-13
Onc29.2 193..264 | Contig57947.1 1 tRNA(Ala,CGC) 72nt Rfam:RF00005:8e-13
Onc31 655..727 | Contig50209.1 4 tRNA(Pro, TGG) 73nt Rfam:RF00005:2e-0¢

|

|

)

)

)

)

)

)

)
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Table C.1 — continued from previous page

Locus name| Coordinate| Contig nhame Stage Locus type Length | Experiments| Etc

Onc31.2 183..111 | OXAO-aab17f04 4 tRNA(Pro, TGG) 73nt Rfam:RF00005:2e-0¢
Onc31.3 183..111 | OXAD-aaa08e07 4 tRNA(Pro, TGG) 73nt Rfam:RF00005:2e-0¢
Onc34 1363..1434| Contig63474.1 4 tRNA(Pro,AGG) 72nt Rfam:RF00005:2e-04
Onc35 3309..3238| Contig53709.1 1 tRNA(Pro,CGG) 72nt Rfam:RF00005:4e-11
Onc36 662..590 | Contig67238.1 4 tRNA(Phe,GAA) 73nt Rfam:RF00005:6e-12
Onc37 234..162 | Contig71359.1 4 tRNA(Arg, TCT) 73nt N Rfam:RF00005:2e-12
Onc37.2 226..154 | Contig79483.1 4 tRNA(Arg,TCT) 73nt n Rfam:RF00005:2e-12
Onc37.3 815..887 | Contig77349.1 4 tRNA(Arg, TCT) 73nt n Rfam:RF00005:2e-12
Onc37.4 211..139 | OXAD-aaa04e08 4 tRNA(Arg, TCT) 73nt n Rfam:RF00005:2e-12
Onc38 6108..6180| Contig45919.1 1 tRNA(Arg,CCT) 73nt Rfam:RF00005:6e-13
Onc40 284..213 | Contig50373.1 1 tRNA(Cys,GCA) 72nt Rfam:RF00005:1e-13
Onc40.2 292..221 | Contig79368.1 1 tRNA(Cys,GCA) 72nt Rfam:RF00005:1e-13
Onc41l 204..132 | OXAE-aaal8e02 4 tRNA(lle,AAT) 73nt Rfam:RF00005:2e-13
Onc41.2 616..688 | OXAD-aaa01f07 1 tRNA(lle,AAT) 73nt Rfam:RF00005:2e-13
Onc41.3 186..114 | OXAD-aaa07f12 1 tRNA(lle,AAT) 73nt Rfam:RF00005:2e-13
Onc41.4 228..156 | UGC100003P04R 4 tRNA(lle,AAT) 73nt Rfam:RF00005:2e-13
Onc43 3333..3405| Contig2009.1 1 tRNA(lle, TAT) 73nt Rfam:RF00005:6e-14

)

)

)

|
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Table C.1 — continued from previous page

Locus name| Coordinate| Contig nhame Stage Locus type Length | Experiments| Etc

Onc44 246..167 | OXAE-aad49e12 4 tRNA(Leu,AAG) 80nt Rfam:RF00005:4e-11
Onc44.2 255..176 | UGC100002B18 R 4 tRNA(Leu,AAG) 80nt Rfam:RF00005:4e-11
Onc46 231..148 | OXAE-aad58g07 1 tRNA(Leu,CAA) 84nt Rfam:RF00005:5e-11
Onc46.2 921..1004 | OXAD-aaa01e03 1 tRNA(Leu,CAA) 84nt Rfam:RF00005:5e-11
Onc48 2804..2725| Contig81525.1 1 tRNA(Leu,CAG) 80nt Rfam:RF00005:1e-11
Onc49 2298..2215| Contig41162.1 1 tRNA(Leu,TAA) 84nt Rfam:RF00005:4e-1(
Onc49.2 1911..1828| Contig60633.1 1 tRNA(Leu,TAA) 84nt Rfam:RF00005:4e-1(
Onc50 207..122 | OXAO-aaa58g12 4 tRNA(Tyr,GTA) 86nt Rfam:RF00005:1e-09
Onc50.2 201..116 | UGC100001016 R 4 tRNA(Tyr,GTA) 86nt Rfam:RF00005:1e-09
Onc50.3 246..161 | Contig66860.1 1 tRNA(Tyr,GTA) 86nt Rfam:RF00005:1e-09
Onc56 180..252 | OXAO-aab16e01 4 tRNA(GIuU,TTC) 73nt Rfam:RF00005:3e-1(
Onc56.2 806..733 | OXAO-aab16g01 1 tRNA(GIu,TTC) 74nt Rfam:RF00005:4e-1(
Onch7 307..379 | Contig42902.1 1 tRNA(GIuU,TTC) 73nt Rfam:RF00005:3e-1(
Onc57.2 207..279 | Contig47833.1 1 tRNA(GIu,TTC) 73nt Rfam:RF00005:3e-1(
Onc57.3 256..328 | Contig61332.1 1 tRNA(GIu,TTC) 73nt Rfam:RF00005:3e-1(
Onc58 204..132 | OXAE-aaa06f08 1 tRNA(GIu,CTC) 73nt Rfam:RF00005:5e-12
Onc58.2 211..139 | UGC100002B22 R 1 tRNA(GIu,CTC) 73nt Rfam:RF00005:5e-12
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Table C.1 — continued from previous page

Locus name| Coordinate| Contig nhame Stage Locus type Length | Experiments| Etc

Onc60 174..246 | Contig44957.1 1 tRNA(GIu,CTC) 73nt Rfam:RF00005:5e-12
Onc61 199..128 | OXAE-aaf79d05 4 tRNA(Asp,GTC) 72nt Rfam:RF00005:2e-12
Onc61.2 499..570 | OXAO-aab15d01 4 tRNA(Asp,GTC) 72nt Rfam:RF00005:2e-12
Onc63 276..205 | Contig52579.1 1 tRNA(Asp,GTC) 72nt Rfam:RF00005:2e-12
Onc63.2 220..149 | Contig74115.1 1 tRNA(Asp,GTC) 72nt Rfam:RF00005:2e-12
Onc65 1082..1011| OXAE-aaa29d04 1 tRNA(His,GTG) 72nt Rfam:RF00005:3e-11
Onc65.2 2271..2200| Contigh1714.1 1 tRNA(His,GTG) 72nt Rfam:RF00005:3e-11
Onc65.3 2253..2182| Contig73221.2 1 tRNA(His,GTG) 72nt Rfam:RF00005:3e-11
Onc67 1214..1143| Contig37344.1 1 tRNA(His,GTG) 72nt Rfam:RF00005:3e-11
Onc68 2162..2082| Contig47137.1 1 tRNA(Ser,AGA) 81nt Rfam:RF00005:5e-12
Onc68.2 2155..2075| Contig76987.1 1 tRNA(Ser,AGA) 81nt Rfam:RF00005:5e-12
Onc69 2304..2386| Contig74257.1 1 tRNA(Ser,GCT) 83nt Rfam:RF00005:3e-11
Onc69.2 2293..2375| Contig84423.1 1 tRNA(Ser,GCT) 83nt Rfam:RF00005:3e-11
Onc70 312..393 | Contig35394.1 1 tRNA(Ser, TGA) 82nt Rfam:RF00005:2e-1(
Onc70.2 1744..1663| Contig37182.1 1 tRNA(Ser, TGA) 82nt Rfam:RF00005:2e-1(
Onc72 244.316 | Contig41301.1 1 tRNA(Trp,CCA) 73nt Rfam:RF00005:8e-12
Onc72.2 240..312 | Contig85126.1 1 tRNA(Trp,CCA) 73nt Rfam:RF00005:8e-12
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Locus name| Coordinate| Contig nhame Stage Locus type Length | Experiments| Etc

Onc74 192..262 | Contig72432.1 1 tRNA(Undet) 71nt Rfam:RF00005:1e-06
Onc75 441..323 | Contig350.1 4 5SrRNA 119nt Rfam:RF00001:3e-23
Onc75.2 462..580 | Contig73674.2 4 5SrRNA 119nt Rfam:RF00001:3e-23
Onc75.3 427..309 | UGC100003F04 R 4 5SrRNA 119nt Rfam:RF00001:3e-23
Onc75.4 429..311 | Contig45583.1 4 5SrRNA 119nt Rfam:RF00001:3e-23
Onc75.5 670..552 | Contig45590.2 4 5SrRNA 119nt Rfam:RF00001:3e-23
Onc75.6 438..320 | Contig56466.1 4 5SrRNA 119nt Rfam:RF00001:3e-23
Onc75.7 660..542 | Contig56473.2 4 5SrRNA 119nt Rfam:RF00001:3e-23
Onc75.8 458..576 | Contig37908.2 4 5SrRNA 119nt Rfam:RF00001:3e-23
Onc75.9 216..334 | Contig46616.1 4 5SrRNA 119nt Rfam:RF00001:3e-23
Onc75.10 660..542 | Contig79253.2 4 5SrRNA 119nt Rfam:RF00001:3e-23
Onc75.11 449..567 | Contig44402.1 4 5SrRNA 119nt Rfam:RF00001:3e-23
Onc75.12 199..317 | OXAO-aab14b11 4 5SrRNA 119nt Rfam:RF00001:3e-23
Onc75.13 411..293 | OXAO-aaa59b10 4 5SrRNA 119nt Rfam:RF00001:1e-22
Onc113 3652..3804| rDNA 2 5.8SrRNA 153nt Rfam:RF00002:6e-4(
Oncl152 1750..3521| rDNA 2 SSUrRNA 1772nt gb:FJ545743.1

3

3
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Locus name| Coordinate| Contig nhame Stage Locus type Length | Experiments| Etc

Oncl53 4008..7392| rDNA 2 LSU_rRNA 3385nt gh:FJ545743.1
Onc81 2567..2850 Contig82592.1 1 SRPeukarch 284nt Rfam:RF00017:1e-36
Onc81.2 557..274 | Contigh6789.1 0 SRPReukarch 284nt Rfam:RF00017:1e-36
Onc82 1118..790 | OXAO-aaa59f01 1 RNaseMRP 329nt Rfam:RF00030:4e-32
Onc82.2 1141..812 | Contig77949.2 0 RNaseMRP 330nt Rfam:RF00030:4e-32
Onc82.3 1181..853 | Contig77942.1 0 RNaseMRP 329nt Rfam:RF00030:4e-32
Onc82.4 143..471 | Contig84242.1 0 RNaseMRP 329nt Rfam:RF00030:4e-32
Oncl149 573..246 | Contig62031.2 0 RNasePnuc 328nt Rfam:RF00009:3e-27
Oncl149.2 270..597 | Contig39152.2 0 RNasePnuc 328nt Rfam:RF00009:2e-26
Oncl149.3 582..255 | Contig62024.1 0 RNasePnuc 328nt Rfam:RF00009:3e-14
Onc150 419..234 | Contig41445.1 0 Telomerasecil 186nt Rfam:RF00025:3e-14
Oncl120 1860..1698| Contig51351.1 0 Ul snRNA 163nt Rfam:RF00003:7e-24
Oncl120.2 149..311 | Contig75046.1 0 Ul_snRNA 163nt Rfam:RF00003:7e-24
Oncl120.3 223..386 | Contig206433 0 Ul snRNA 164nt Rfam:RF00003:7e-24
Oncl21 979..790 | Contig36667.2 0 U2_snRNA 190nt Rfam:RF00004:4e-42
Oncl21.2 627..438 | Contig58942.2 0 U2_snRNA 190nt Rfam:RF00004:4e-42
Onc77 465..654 | Contig57619.1 4 U2_snRNA 190nt N Rfam:RF00004:2e-37

4
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Table C.1 — continued from previous page

Locus name| Coordinate| Contig nhame Stage Locus type Length | Experiments| Etc

Onc77.2 558..369 | Contig71215.1 4 U2_snRNA 190nt n Rfam:RF00004:2e-37
Onc77.3 675..486 | Contig72791.1 4 U2_snRNA 190nt n Rfam:RF00004:2e-37
Onc77.4 163..352 | OXAO-aab15a03 4 U2_snRNA 190nt n Rfam:RF00004:2e-37
Onc123 527..721 | Contig201159 0 U2 snRNA 195nt Rfam:RF00004:2e-34
Oncl23.2 195..389 | Contig201160 0 U2_snRNA 195nt Rfam:RF00004:2e-34
Oncl25 393..265 | Contig51899.1 0 U4_snRNA 129nt Rfam:RF00015:1e-2(
Oncl25.2 | 3763..3891| Contig71125.2 0 U4_snRNA 129nt Rfam:RF00015:1e-2(
Onc125.3 530..658 | Contig54249.2 0 U4_snRNA 129nt Rfam:RF00015:1e-2(
Oncl27 649..537 | Contig44339.2 0 U5_snRNA 113nt Rfam:RF00020:3e-12
Onc128 485..382 | Contig70576.1 0 U6_snRNA 104nt Rfam:RF00026:5e-2¢
Oncl51 1312..1247| Contig200992 0 U4atacsnRNA 66nt Rfam:RF00618:3e-3
Oncl51.2 764..829 | Contig42569.2 0 U4atacsnRNA 66nt Rfam:RF00618:2e-3
Oncl151.3 | 1676..1741| Contig76036.2 0 U4atacsnRNA 66nt Rfam:RF00618:3e-3
Oncl51.4 630..565 | Contig71676.2 0 U4atacsnRNA 66nt Rfam:RF00618:3e-3
Oncl14 171..273 | Contig73994.1 1 UbatacsnRNA 103nt Rfam:RF00619:8e-0¢
Oncll14.2 | 2568..2466| Contig74999.1 1 U6atacsnRNA 103nt Rfam:RF00619:8e-06

4

4
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Locus name| Coordinate| Contig nhame Stage Locus type Length | Experiments| Etc

Oncl14.3 168..270 | Contig60127.1 0 U6atacsnRNA 103nt Rfam:RF00619:8e-0¢
Oncl24 2618..2387| Contig66111.1 0 U3_snoRNA 232nt Rfam:RF00012:1e-1§
Oncl24.2 | 3175..2944| Contig68732.1 0 U3_snoRNA 232nt Rfam:RF00012:1e-1§
Onc78 1134..1206| Contig9982.1 4 C/D_snoRNA: U18 73nt N Rfam:RF01159:2e-04
Onc78.2 144..216 | OXAE-aae58h12 4 C/D_snoRNA: U18 73nt n Rfam:RF01159:2e-04
Onc78.3 181..109 | OXAO-aab15a01 1 C/D_snoRNA: U18 73nt n Rfam:RF01159:2e-04
Onc78.4 209..137 | Contig36677.1 0 C/D_snoRNA: U18 73nt n Rfam:RF01159:2e-04
Onc78.5 242..170 | Contig36684.2 0 C/D_snoRNA: U18 73nt n Rfam:RF01159:2e-04
Onc78.6 197..125 | UGC100005102_R 0 C/D_snoRNA: U18 73nt n Rfam:RF01159:2e-04
Onc83 325..240 | OXAO-aaa59f01 1 C/D_snoRNA: snoZ196 86nt N Rfam:RF00134:3e-0¢
Onc83.2 381..296 | Contig77942.1 0 C/D_snoRNA: sn0Z196 86nt n Rfam:RF00134:3e-0¢
Onc83.3 340..255 | Contig77949.2 0 C/D_snoRNA: sn0Z196 86nt n Rfam:RF00134:3e-0¢
Onc83.4 943..1028 | Contig84242.1 0 C/D_snoRNA: sn0Z196 86nt n Rfam:RF00134:3e-06
Onc84 1953..2040| Contig147.1 1 C/D_snoRNA: snoR38 88nt N Rfam:RF00213:3e-04
Onc84.2 1948..2035| Contig90550 0 C/D_snoRNA: snoR38 88nt n Rfam:RF00213:5e-04
Onc84.3 599..686 | Contig90551 0 C/D_snoRNA: snoR38 88nt n Rfam:RF00213:5e-04
Onc84.4 1915..2002| Contig81691.1 0 C/D_snoRNA: snoR38 88nt n Rfam:RF00213:5e-04
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Locus name| Coordinate| Contig nhame Stage Locus type Length | Experiments| Etc

Onc84.5 523..610 | Contig81698.2 0 C/D_snoRNA: snoR38 88nt n Rfam:RF00213:5e-04
Oncl16 665..587 | Contig60671.1 1 C/D_snoRNA: snoMe28S-Cm2645 79nt Rfam:RF00530:2e-3
Oncl16.2 1056..1134| Contig74810.1 1 C/D_snoRNA: snoMe28S-Cm2645 79nt Rfam:RF00530:2e-3
Oncl116.3 698..620 | Contig74184.1 0 C/D_snoRNA: snoMe28S-Cm2645 79nt Rfam:RF00530:2e-3
Oncl108 688..609 | Contig83501.3 0 C/D_snoRNA: SNORD36 80nt N Rfam:RF00049:4e-3
Oncl09 1777..1691| Contig201200 0 C/D_snoRNA: SNORD24 87nt N Rfam:RF00069:2e-04
Onc110 1389..1318| Contig76679.1 1 C/D_snoRNA 72nt N snoscan

Oncl10.2 1054..1123| Contig46873.1 1 C/D_snoRNA 70nt n shoscan

Onc110.3 1658..1589| Contig77473.1 0 C/D_snoRNA 70nt n snoscan

Oncl11 4173..4099| Contig70178.1 1 C/D_snoRNA 75nt N snoscan

Oncl11.2 116..190 | Contig546.2 0 C/D_snoRNA 75nt n shoscan

Oncl12 1164..1066| Contig80897.1 1 C/D_snoRNA 99nt N snoscan

Oncl12.2 | 2005..2103| Contig51398.1 0 C/D_snoRNA 99nt n snoscan

Oncl12.3 | 2403..2501| Contig66429.1 0 C/D_snoRNA 99nt n snoscan

Oncl30 3208..3126| Contig201200 0 C/D_snoRNA: snR77 83nt array:Oncl109
Onc131 2866..2794| Contig201200 0 C/D_snoRNA 73nt array:0Onc109
Oncl132 2494..2410| Contig201200 0 C/D_snoRNA 85nt array:Onc109
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Locus name| Coordinate| Contig nhame Stage Locus type Length | Experiments| Etc

Onc133 2249..2124| Contig201200 0 C/D_snoRNA 126nt array:0Onc109
Oncl34 1930..1871| Contig201200 0 C/D_snoRNA 60nt array:Onc109
Oncl35 1541..1474] Contig201200 0 C/D_snoRNA 68nt array:Onc109
Onc136 1362..1301| Contig201200 0 C/D_snoRNA 62nt array:Onc109
Onc137 1225..1136| Contig201200 0 C/D_snoRNA 90nt array:Onc109
Oncl38 962..878 | Contig201200 0 C/D_snoRNA 85nt array:Onc109
Onc139 689..615 | Contig201200 0 C/D_snoRNA 75nt array:0Onc109
Oncl40 416..332 | Contig201200 0 C/D_snoRNA 85nt array:0Oncl109
Oncl41 1263..1180| Contig83501.3 0 C/D_snoRNA 84nt array:Oncl108
Onc142 923..830 | Contig83501.3 0 C/D_snoRNA 94nt array:Onc108
Onc143 342..428 | Contig83501.3 0 C/D_snoRNA 87nt array:Onc108
Oncl44 754..836 | Contig4340.2 5 H/ACA _snoRNA 83nt array:Onc86
Oncl130.2 | 1885..1803| Contigl1162.2 0 C/D_snoRNA: snR77 83nt array
Oncl131.2 | 1547..1475| Contig1162.2 0 C/D_snoRNA 73nt array
Oncl32.2 1176..1092| Contig1162.2 0 C/D_snoRNA 85nt array
Onc133.2 931..806 | Contigl162.2 0 C/D_snoRNA 126nt array
Oncl34.2 612..553 | Contigl1162.2 0 C/D_snoRNA 60nt array
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Table C.1 — continued from previous page

Locus name| Coordinate| Contig nhame Stage Locus type Length | Experiments| Etc
Oncl109.2 459..373 | Contig1162.2 0 C/D_snoRNA 87nt array
Oncl135.2 224..158 | Contigl1162.2 0 C/D_snoRNA 67nt array
Onc130.3 224..306 | Contig19537.1 0 C/D_snoRNA: snR77 83nt array
Oncl131.3 562..634 | Contig19537.1 0 C/D_snoRNA 73nt array
Onc132.3 933..1017 | Contig19537.1 0 C/D_snoRNA 85nt array
Oncl133.3 1178..1303| Contig19537.1 0 C/D_snoRNA 126nt array
Oncl130.4 442..360 | Contig201201 0 C/D_snoRNA: snR77 83nt array
Oncl31.4 103..31 | Contig201201 0 C/D_snoRNA 73nt array
Oncl37.2 1209..1129| Contig1162.1 0 C/D_snoRNA 81nt array
Onc138.2 954..871 | Contigl162.1 0 C/D_snoRNA 84nt array
Oncl139.2 682..608 | Contigl162.1 0 C/D_snoRNA 75nt array
Oncl140.2 409..325 | Contigl1162.1 0 C/D_snoRNA 85nt array
Oncl137.3 | 1218..1130| Contig46059.1 0 C/D_snoRNA 89nt array
Onc138.3 954..871 | Contig46059.1 0 C/D_snoRNA 84nt array
Oncl139.3 682..608 | Contig46059.1 0 C/D_snoRNA 75nt array
Onc140.3 409..325 | Contig46059.1 0 C/D_snoRNA 85nt array
Onc145 492..562 | Contig6909.1 1 C/D_snoRNA 71nt - 3boxscreen
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Locus name| Coordinate| Contig nhame Stage Locus type Length | Experiments| Etc

Onc146 1972..1887| Contig47518.1 1 C/D_snoRNA 86nt 3boxscreen
Oncl46.2 | 1037..1122| Contig92891 0 C/D_snoRNA 86nt 3boxscreen
Oncl46.3 1965..1880| Contig42170.1 0 C/D_snoRNA 86nt 3box screen
Oncl46.4 167..252 | Contig92893 0 C/D_snoRNA 86nt 3boxscreen
Onc147 3094..2955| Contig48640.1 0 H/ACA_snoRNA 140nt 3boxscreen
Oncl47.2 709..570 | Contig61584.1 0 H/ACA _snoRNA 140nt 3box.screen
Oncl147.3 999..1138 | Contig8120.2 0 H/ACA_snoRNA 140nt 3boxscreen
Oncl47.4 1003..1142| Contig74386.1 0 H/ACA _snoRNA 140nt 3boxscreen
Oncl48 2280..2223| Contig79173.1 1 C/D_snoRNA 58nt 3box.screen
Oncl148.2 163..220 | Contig36772.1 0 C/D_snoRNA 58nt 3boxscreen
Oncl54 674..545 | Contig50244.2 3 H/ACA _snoRNA 130nt 3boxscreen
Oncl54.2 706..577 | Contigd7714.1 3 H/ACA _snoRNA 130nt 3box.screen
Onc154.3 330..459 | Contig7084.1 3 H/ACA_snoRNA 130nt 3boxscreen
Oncl54.4 515..386 | Contig50237.1 3 H/ACA_snoRNA 130nt 3boxscreen
Onc85 395..317 | Contig93299 C/D_snoRNA: SNORD96 79nt N nanascreen
Onc85.2 393..315 | Contig76610.1 C/D_snoRNA: SNORD96 79nt n nanascreen
Onc86 360..431 | Contig4340.2 5 C/D_snoRNA 72nt N/R nanascreen
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Locus name| Coordinate| Contig nhame Stage Locus type Length | Experiments| Etc

Onc87 418..496 | Contig23611.1 5 C/D_snoRNA 79nt N/R nanascreen
Onc87.2 772..850 | Contig80821.1 4 C/D_snoRNA 79nt n/r nanascreen
Onc87.3 407..485 | OXAC-aaa05b11 4 C/D_snoRNA 79nt n/r nanascreen
Onc87.4 515..437 | OXAE-aaa21b05 4 C/D_snoRNA 79nt n/r nanascreen
Onc87.5 419..497 | Contig47479.1 4 C/D_snoRNA 79nt n/r nanascreen
Onc87.6 530..452 | Contig63555.1 4 C/D_snoRNA 79nt n/r nanascreen
Onc89 550..418 | Contig204907 5 H/ACA _snoRNA 133nt N/R nanascreen
Onc89.2 280..148 | Contig63528.1 0 H/ACA_snoRNA 133nt n/r nanascreen
Onc89.3 301..169 | Contig204908 0 H/ACA _snoRNA 133nt n/r nanascreen
Onc89.4 281..149 | Contig60002.1 0 H/ACA _snoRNA 133nt n/r nanascreen
Onc89.5 550..682 | Contig42459.2 0 H/ACA _snoRNA 133nt n/r nanascreen
Onc90 485..241 | UGC100002K14_R 5 H/ACA _snoRNA: U17/snR30 245nt N/R nanascreen
Onc90.2 527..283 | Contig49311.1 0 H/ACA_snoRNA 245nt n/r nanascreen
Onc90.3 607..363 | Contig68403.1 0 H/ACA _snoRNA 245nt n/r nanascreen
Onc90.4 3492..3736| Contig53912.1 0 H/ACA _snoRNA 245nt n/r nanascreen
Onc91l 165..253 | Contig63727.1 5 arisong 89nt N/R nanascreen
Onc91.2 752..664 | Contig71315.1 4 arisong 89nt n/r nanascreen
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Locus name| Coordinate| Contig nhame Stage Locus type Length | Experiments| Etc

Onc92 693..610 | Contig36242.1 4 arisong 84nt nanascreen
Onc92.2 534..451 | OXAO-aab16b04 4 arisong 84nt nanascreen
Onc92.3 543..460 | Contig65300.1 0 arisong 84nt nanascreen
Onc94 761..670 | Contigl13832.1 5 arisong 92nt N/R nanascreen
Onc95 580..496 | Contig44542.1 4 arisong 85nt R nanascreen
Onc95.2 132..216 | OXAD-aaa04al2 4 arisong 85nt r nanascreen
Onc95.3 531..447 | Contigh7964.1 0 arisong 85nt r nanascreen
Onc96 285..146 | OXAO-aab17f07 4 arisong 140nt R nanascreen
Oncl55 343..428 | Contig48963.1 1 arisong 86nt nanascreen
Oncl155.2 255..340 | Contig65636.1 0 arisong 86nt nanascreen
Onc155.3 209..294 | Contig38772.1 0 arisong 86nt nanascreen
Oncl56 1587..1719| Contig203665 1 arisong 133nt nanascreen
Oncl156.2 628..760 | Contig203666 0 arisong 133nt nanascreen
Onc97 371..499 | Contig91146 5 ? 129nt - nanascreen
Onc98 444.554 | Contig63260.1 5 ? 111nt - nanascreen
Onc99 18..123 | OXAE-aae57g05 5 ? 106nt - nanascreen
Oncl100 281..396 | Contig40627.1 5 ? 116nt - nanascreen
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Locus name| Coordinate| Contig nhame Stage Locus type Length | Experiments| Etc

Oncl100.2 325..440 | Contig65897.1 4 ? 116nt - nanascreen
Onc102 21..94 OXAE-aae64g09 5 ? 74nt - nanascreen
Oncl103 657..717 | Contig47258.1 5 ? 61nt - nanascreen
Oncl04 1447..1675| Contig64625.1 5 ? 229nt - nanascreen
Oncl05 489..553 | Contig63601.1 5 ? 65nt - nanascreen
Oncl05.2 241..279 | Contig69957.1 4 ? 39nt - nanascreen
Oncl06 480..554 | Contig54011.1 5 ? 75nt - nanascreen
Oncl107 40..130 | OXAE-aaa57cl10 5 ? 91nt - nanascreen




Appendix D

Appendix: Northern blot experiments

D.1 Northern blot results for the known genes
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Figure D.1: Experimental confirmation of known RNA gene t@iss.
10/2 lanes indicate the amount of total RNA loaded in eack [@mpg). M indicates a radiolabeled 50bp
DNA ladder. The arrow indicates the transcript band in blot.
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D.2 List of probe sequences for Northern blots.

“AS” in the “direction” column in tables indicates that theope sequence is reverse-complementary to the referemoenge

sequence.

D.2.1 Northern blot probes for the final candidate genes

Table D.1: Northern blot probes for the final candidate genes

Contig name Gene name Direction | Probe Size | Sequence

Contig93299 Onc85(SNORD96) S 40 nt CACATAGTTCAGCCCCGAAAGATGACAGTTTTATAGAATC
Contig4340.2 Onc86(C/D snoRNA) AS 42 nt AGACACGAGGAATTCAGTTGGTTGATCCGGTTTTTTCATCAT
Contig23611.1 Onc87(C/D snoRNA) AS 44 nt CAGTAGGAGTGGAGTTATATTTATCAACACGTTTGATTCTGTTG
Contig204907 Onc89(H/ACA snoRNA) S 41 nt CCACAGCCGAATCAATAGTCAACTGCGGTCCATTAAATTCC
UGC100002K14 R | Onc90(snR30/U17) S 41 nt CACGGCAGGAGCGAGCGAATCAACTCAACCACCTCTCTCCT
Contig63727.1 Onc91(Arisong) S 42 nt GTCTTAAGCCAGTGTAACTGGTTGCGGGTGAGGGACCTATTC
Contig13832.1.1 Onc94(Arisong) S 39 nt CTCAGGAACTTTGTGTCCCCAAGCCGCAGAGGCCGGACC




D.2.2 Northern blot probes for known genes
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Table D.2: Northern blot probes for known genes

Class Contig name Gene name Direction | Probe Size | Sequence
Contig200270 Onc3(tRNA/Lys) S 39 nt GATTAAAAGTCTGGCGCTCTACCACTGAGCTAGACGGGC
Contig72578.1 | Oncl7(tRNA/Gly) AS 42 nt CCGGGTCAAGTGCTTGGAAGGCACCTATCCTAACCACTAGAC
RNA Contig71359.1 | Onc37(tRNA/Arg) S 40 nt GATTAGAAGTCTGATGCGCTATCCATTGCGCCACGAAGAC
OXAO-aab15f07| Onc53(tRNA/Lys) AS 40 nt GGTTAAGAGCCAAGCGCTCTACCGACTGAGCTAGACGGGC
Contig9982.1 Onc78(U18) AS 40 nt TGAGTTAGAGTCAGACATTGGACAGGTTATCGTCAATCGA
OXAO-aaa59f01| Onc83(snoZ196) S 41 nt GGTGTGTATGAGTTGTATCATCAATGAATGACTCAGTGTGG
Contig147.1 Onc84(snoR38) AS 38 nt CTCATCAATGATCTTGTCTATGACAGGGATAACTGTTG
Contig83501.3 | Onc108(SNORD36) S 43 nt GTTCATCAAGAAAATTATGTCGTAAAATAACAAGTGTATCATC
/D snoRNA Contig201200 Oncl09(SNORD24) S 40 nt GGCCCTTTCGAGTCATGATCAGAAGTAGCAATTATTTTTG
Contig76679.1 | Oncl110(C/D snoRNA) S 40 nt GTCAGAATTGCAGAACCATATATCGTCAAATTGATTTCAG
Contig70178.1 | Oncl111(C/D snoRNA) S 38 nt GTAAGAATCACAGGGATTGTCATAAAGAACGCAGCAAC
Contig80897.1 | Oncl112(C/D snoRNA) S 40 nt CGCCAATGGGTTCATGTATCAGCGACAATAGCCAACCTTC
SNRNA Contig36667.2 | Oncl21(U2) S 42 nt AAAGTGTAGGTCCAAGGCGACTCTGTAAGAGTGATGCGCAAG
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D.2.3 Probes sequences for negative Northern blots

For snoRNA candidate, Northern blot was done on the predregidn. For the final candidates in stage 5 dataset, Northletn

was done twice with sense and antisense probe sequence sanmbeeandidate region of which G/C contents is relativegi hi

Table D.3: Northern blot probes for the tested snoRNA caridgla

Contig name Gene name| Direction | Probe Size | Sequence

OXAO-aaa59f01 . S 39 nt CTTGGTTTCAATTCAGAAGAACGAAAGTAAATTAGCATC
Contig76351.1 . AS 41 nt GAGTGAGCCTGACTATAATAATGATCTATAAAATGAGAGCC
Contig6909.1 Onc145 AS 40 nt CAGAGTAACTATGACGGCATCCATCTCATTTAGAGTCATG
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Table D.4: Northern blot probes for the tested final candislat

Contig name Gene name| Probe Size | Sequence
Contig91146 Onc97 42 nt CTAATTAACACAGTCTTAATTAAAATATTAATATTCCCTCTC
Contig63260.1 Onc98 42 nt CTCCAAAAACCTAGCCAACCTCACTTAAAATAAAGCAGATGG
OXAE-aae57g05 Onc99 46 nt CCACATTTTTAGATTTAGTTTTTATATCTTTTTTATGGTTAATTTG
Contig40627.1 Oncl100 39 nt CTTGAGTGGCCCCCTGAAATGTGAAAGAGTCACAAAGCC

39 nt CCTCGAAGACGAAGACAGCAGACAGAGAACTTTGAAGAC
OXAE-aae64g09 Oncl02

43 nt GAACGGAAAGTACGAAGTTCCCTTAGGACTCAACCTCGAAGAC
Contig47258.1 Oncl03 40 nt GAAGCACAATGGATCTTATTTAGAGTAGAGAATGAAAATG
Contig64625.1 Oncl04 41 nt CCAGTACCGTGGAGTCTCAAAGAACGGGATTTAATGGCAGG
Contig63601.1 Oncl05 40 nt CAACTCATTACATGGACGAAGCTGATATTCTTGTTGAGAG
Contig54011.1 Oncl06 38 nt GTTGGAGTTTAAATGTTTGATTAAAGAAAATTTAGTAG
OXAE-aaa57c10, Oncl07 39 nt CATTAATAATTTGAAAATATAAAGTTCTTAATAACATCC




Appendix E

Appendix: RACE probes

List of gene specific probe (GSP) sequences of RACE experiments
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Table E.1: RACE-PCR GSPs for the final candidate genes

Contig name Gene name Probe | Probe Size | Sequence

Contig4340.2 Onc86 (C/D snoRNA) 5GSP 35 GTCAGGTTATAGATCTGTCTACATGAAGACACGAG
Contig4340.2 Onc86 (C/D snoRNA) 3GSP 30 CCGGATCAACCAACTGAATTCCTCGTGTCT
Contig23611.1 Onc87 (C/D snoRNA) 5GSP 35 CAGTAGGAGTGGAGTTATATTTATCAACACGTTTG
Contig23611.1 Onc87 (C/D snoRNA) 3GSP 33 ACGATGAAGTAGTTTATAATCCGTGTTTCAACA
Contig204907 Onc89 (H/ACA snoRNA)| 5GSP 33 CCACAGCCGAATCAATAGTCAACTGCGGTCCAT
Contig204907 Onc89 (H/ACA snoRNA)| 3GSP 29 GTTGACTATTGATTCGGCTGTGGTTAAGT
UGC100002K14.R | Onc90 (H/ACA snoRNA)| 5GSP 29 GAGGACCCGTAAGTCACGGCAGGAGCGAG
UGC100002K14 R | Onc90 (H/ACA snoRNA)| 3GSP 32 GGAGAGAGGTGGTTGAGTTGATTCGCTCGCTC
UGC100002K14 R | Onc90 (H/ACA snoRNA)| 3GSP2 25 GCCTTGGACTGATTAGGACTCCGTC
Contig63727.1 Onc91l (classll) 5GSP 31 CGGGTTCAGGATCCCGAATAGGTCCCTCACC
Contig63727.1 Onc91 (classll) 3GSP 31 GGTCTTAAGCCAGTGTAACTGGTTGCGGGTG
Contig63727.1 Onc91l (classll) 3GSP2 24 CAACAGTAACCAATACTTTCGAGG

Contig13832.1 Onc94 (classll) 5GSP 29 CAGGAACTTTGTGTCCCCAAGCCGCAGAG
Contig13832.1 Onc94 (classll) 3GSP 31 GGTCCGGCCTCTGCGGCTTGGGGACACAAAG
Contig44542.1 Onc95 (classll) 5GSP 31 CCTTTGTGGAAACACCCCGCAGAGGCCATAC
Contig44542.1 Onc95 (classll) 3GSP 31 GGTATGGCCTCTGCGGGGTGTTTCCACAAAG
OXAO_aab17f07 Onc96 (classll) 5SGP 29 ATATGGCCCATCCCCGCAGCAGCCGGACT
OXAO_aah17f07 Onc96 (classll) 3GSP 30 GTCCGGCTGCTGCGGGGATGGGCCATATTG




Appendix F

Appendix: Comparative analysis on the

stage 5 dataset
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Figure F.1:Sylonychia conservation patterns of the final candidate nanochromesom

The left column on the alignment shows the RFC score, QRNASsscand score and the best evalue of thlastx to the NR databas
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Appendix: Sequences of regulatory

motifs
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A. Sequences for PSE motif search B. Sequences of Oxytricha PSE D. Sequences of Oxytricha 3’ box

Ul TATTTATGACCCATAAATATTTAGGCCA Oncl20/U1 TGACCCATAAATATTTA Oncl20/U1 AAATGAAAA.GTTTGA. .TTAG
U2 AAAATATGACCCATTAATATTTAACGGA Oncl21/02 TGACCCATTAATATTTA Oncl21/U2 AAAGGATAALGTTTGA. .TTAT
U3 AATAGTTAACCCATTAATAATTTGGTAG Oncl23/U2 TGACCCATTAGTATTTA Oncl23.1/02 AAATGATAAtGTTTGA. . TTAG
U5 TAAATATGACCCATTAATATTTAAATCA 8HC%§g}é£U3 géigggiggiigiﬁggi Oncl24/U3 AAAGGAATTaGTTTGA. . TTAG
U6 ATAATTTAACCCATTAATATTTAAGGTG nc Oncl25/U4 AAATGAAAT.GTTTGA. .TTAG
Oncl27/U5 TGACCCATTAATATTTA  (Onc127/U5 ARATGAAATLGTTTGA. . TTAG
SRP TATAACTAACCCATAAACTTTTAATTAA
Onc128/U6 TAACCCATTRATATTTA  (onc151/Udatac AAATGAAAAtGTTTGTt L TTAT
RNaseP AATAARTGACCCATTAACTATTARTCTG  ( croriyy oo o TAACCOATAGARACTTA
Telomerase AAATATTGACCCATARATATTTAAGCGG Onc91/ClassII ARATGAACTaGTTTGA. . TTAG
Oncll4/Ubatac TGACCCATAGRARATTA 0199/ assTT AAATGAACTCGTTTGA. . TTAT
styUs TAATTCTGACCCATTAACAAATAGCGAG .
Onc81/SRP TAACCCATRRACTTITA g4 /0145571 AAATGARAT . GTTTGA. . ATAA
StyRNaseP AATAAGCAACCCATTAACTTTTAATTCT 149 : :
Oncl49/RNaseP TGACCCATTAACTATTA g5 /0145571 AAATGAAATAGTTTGA . .GTAG
StySRP ARARTATGACCCATARACTATTAGARTT  Onc150/Telomerase TGACCCATARATATTTA s
0nc96/ClassII AAATGAAAA.GTTTGAL . TTAG
Onc91/classII TGACCCATGAATTATTA One155/Classil AAATGARAR GTTTGA . TTAG
C. Sequences for 3’ box motif search Onc92/classII TAACCCATAAATAATTA O“C156/ laSSII AAATCARAT CTATCA . CTAR
Onc94/classII TTACCCATAAACAATTA Oncgg/chiss A CCCARATLOTTTCR - TTAG
nc .
0nc120.1/U1 AAATGAAaa.GTTTGA.TTAG  Onc95/classII TGACCCATTAATATTTA OnG90/HACA AAATCAMALCOTOTOR - TTAG
Oncl21/U2 AAAGGAtaatGTTTGA.TTAT Onc96/classII TGACCCATTAAAAGTTA ncl45 c ..
oncl123.1/02 ARATGATaatGTTTGA.TTAG ~ Oncl55/classII  GATCCCATCAATTTTAT ~ Oncld5/CD AARGGAAATaGITTGA. . TTAG
onc77.1/U2 AAAGGAtaatGTTTGA.TTAG ~ Oncl56/classII TAACCCATTAATAATTA  Oncl46/CD ARATGAAATGGTTTGA. . TTAG
Oncl25.1/U4 AAATGAAat.GTTTGA. TTAG Oncl47/HACA AAATGAAATGGTTTGA. .GTAG
Oncl27/U5 AAATGAAattGTTTGA. TTAG Oncl48/CD AAATGAAAAQATTTGA. .TTAG
Styonc120/U1 AAATGAAtt.GTTTGAaTTAG Oncl54/HACA AMAGGAATAtGTTTGA. . TTAT
Styonc127/U5 AAATGAAtt.GTTTGAaTTAA
Oncl24.1/U3 AAAGGAAttaGTTTGA. TTAG
Onc91.1/ClassII  AAATGAACTTGTTTGA.TTAG
Onc92/ClassII AAATGAACTCGTTTGA. TTAT
Onc94/ClassII AAATGAAAT.GTTTGA . ATAA
0Onc95/ClassII AAATGAAATAGTTTGA.GTAG
Onc96/ClassII AAATGAAAA.GTTTGATTTAG
0nc95.3/ClassII  AAATGAAAA.GTTTGA.TTAG
Onc89/HACA AAGGGAAATTGTTTGA. TTAG
Onc90/HACA AAATGAARACGTGTGA. TTAG

Figure G.1: Instances of PSE and 3’ box motif sequences
A and C are sequence alignments used to build HMM models fer&a 3' box screening, respectively. ("Sty” in front of gerame indicates the
Sylonychia sequences.) B and D are sequence alignmeris tffallax PSE and 3’ box motifs, respectively.



Appendix H

Appendix: Information for programs,

databases and datasets

H.1 Programs and databases

Infernal 1.0.2 was used for RNA similarity searches [129]fetnal models of known
NcRNA families were from the Rfam 9.1 database [178]. For neuequence manip-
ulations we used a variety of miniapps provided by the Eabedry package included
in Infernal 1.0.2. All BLAST comparisons used Washington \énsity BLAST (WU-
BLAST) version 2.0MP-WashU [04-May-2006]. All comparisdnghe NCBI NR protein
database used a version of NR downloaded on 13 April 2009hdrstreen, to remove
nanochromosomes containing a detectable homolog of knowteip, UniProt/Swissprot
database version 50.8 downloaded on October 2006 was usegalliate the performance
for nanochromosome classification, Genezilla [194], UnxEi0 [195], GenelD v1.2 [196]

and Augustus 2.0 [197] were examined. To evaluate the pe#ice for nanogenefinder,
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the same programs and additionally Genscan [200] were &®H.and 3box consensus
motif searches were done with HMMER 2.3.2. Multiple aligmtsewere produced using
MUSCLE [240] or CLUSTALW [214] and manually edited in Emacsngithe RALEE
alignment editing mode [241]. For a computational predittof additional snoRNAsS,
snoGPS 0.2 [209] and snoscan 0.9b [134] were used. List cfecoed pseudouridyla-
tion target sites in human and yeast is extracted from th&kBA@Base database version3
websiteht t p: / / ww»+ snor na. bi ot oul . fr. Analysis of cDNA/genome alignments
used Exonerate 1.0.2 [192], and unpublished cDNA/EST dratacomparative analysis of
coding gene sequence conservation patterns, we used QRNB& P1@6]. Sequence logos

were generated with WebLogo 2.8.2 [218].

H.2 Dataset availability.

A compressed tar archive containing theytricha andStylonychia sequence data, the nan-
oclassifier source code, training and test data, parsdiikstaf results, and other datasets
described in the paper are available for downloaldtatp: / / sel ab. j anel i a. or g/

publications. ht M /#JungEddy11.

H.3 Accession number

A modified version of the&stylonychia data was deposited to DDBJ/EMBL/GenBank (ac-
cession ADNZ01000000) after trimming terminal Ns and rem@®51 contigs deemed to

be low-quality or foreign contamination.
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