Thousands of RNA-cached copies of whole chromosomes
are present in the ciliate Oxytricha during development
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ABSTRACT

The ciliate Oxytricha trifallax maintains two genomes: a germline genome that is active only during sexual conjugation and a
transcriptionally active, somatic genome that derives from the germline via extensive sequence reduction and rearrangement.
Previously, we found that long noncoding (Inc) RNA “templates”—telomere-containing, RNA-cached copies of mature
chromosomes—provide the information to program the rearrangement process. Here we used a modified RNA-seq approach
to conduct the first genome-wide search for endogenous, telomere-to-telomere RNA transcripts. We find that during
development, Oxytricha produces long noncoding RNA copies for over 10,000 of its 16,000 somatic chromosomes, consistent
with a model in which Oxytricha transmits an RNA-cached copy of its somatic genome to the sexual progeny. Both the
primary sequence and expression profile of a somatic chromosome influence the temporal distribution and abundance of
individual template RNAs. This suggests that Oxytricha may undergo multiple rounds of DNA rearrangement during
development. These observations implicate a complex set of thousands of long RNA molecules in the wiring and maintenance
of a highly elaborate somatic genome architecture.
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INTRODUCTION its somatic chromosomes during nuclear differentiation
and development.

Like all ciliates, Oxytricha is a microbial eukaryote with
two kinds of nuclei per cell. The smaller micronucleus
(MIC) contains the germline, which provides haploid gamet-
ic nuclei for sexual conjugation. The larger macronucleus
(MAC) contains the somatic genome, which is the source
of gene transcription during asexual growth and reproduc-
tion. While the micronuclear genome consists of long diploid
chromosomes, the MAC genome contains over 16,000 differ-
ent chromosomes, most of which bear only a single gene and
are a median length of 2515 bp (mean 3.2 kb) at a typical copy
number of ~1900n (Prescott 1994).

After sexual exchange, the exconjugant daughter cell pro-
duces a new MAC from a copy of the MIC through a series of
dramatic genome rearrangements (for review, see Yerlici and
Landweber 2014). This process eliminates 90%—-95% of the
MIC genome, including all satellite repeats, transposable
elements, and germline-exclusive genes, as well as internally
eliminated sequences (IESs) that interrupt the precursor gene
segments in the MIC. These retained DNA regions are called

Long noncoding RNAs (IncRNAs), defined as transcripts
>200 nt with no protein coding function, were once thought
to represent primarily nonfunctional “junk” transcription.
However, the discovery of ~10,000 IncRNA loci in the
human genome (Derrien et al. 2012) and evidence that
IncRNAs play active roles in processes as diverse as chromatin
remodeling (Gupta et al. 2010), transcriptional interference
(Latos et al. 2012), and post-transcriptional modification
(Yoon et al. 2012), suggests that they have important roles
in biological systems that modern techniques are finally mak-
ing amenable to study. Originally controversial, the idea of an
RNA cache was proposed as a means of epigenetic transmis-
sion of sequence information across generations (Lolle et al.
2005). Our laboratory experimentally demonstrated that
epigenetically inherited, maternal IncRNAs are essential
for genome remodeling in the ciliate Oxytricha trifallax
(Nowacki et al. 2008). Here, we present evidence that
Oxytricha produces complete RNA copies of thousands of

These authors contributed equally to this work.

Corresponding author: Laura.Landweber@columbia.edu © 2017 Lindblad et al.  This article, published in RNA, is available under a
Article is online at http:/www.rnajournal.org/cgi/doi/10.1261/rna. Creative Commons License (Attribution 4.0 International), as described at
058511.116. Freely available online through the RNA Open Access option. http://creativecommons.org/licenses/by/4.0/.

1200 RNA 23:1200-1208; Published by Cold Spring Harbor Laboratory Press for the RNA Society


mailto:Laura.Landweber@columbia.edu
mailto:Laura.Landweber@columbia.edu
mailto:Laura.Landweber@columbia.edu
http://www.rnajournal.org/cgi/doi/10.1261/rna.058511.116
http://www.rnajournal.org/cgi/doi/10.1261/rna.058511.116
http://www.rnajournal.org/cgi/doi/10.1261/rna.058511.116
http://www.rnajournal.org/site/misc/terms.xhtml
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://www.rnajournal.org/site/misc/terms.xhtml

RNA-cached copies of whole chromosomes

the macronuclear-destined segments (MDSs). Short direct
repeat sequences, called “pointers,” border consecutive
MDS-IES junctions and may help guide the MDS joining
events that build the somatic chromosomes. Approximately
20% of Oxytricha’s genes are “scrambled,” containing at least
one MDS that is permuted or inverted in the MIC genome,
relative to its location in the MAC (Chen et al. 2014).
Because they have a different order or orientation in the
MIC than in the MAC, they must rearrange before they re-
combine to form mature MAC chromosomes.

The process of genome remodeling in Oxytricha and other
ciliates is guided by an RNA-based system of epigenetic inher-
itance. While the distantly related ciliates Paramecium and
Tetrahymena use PIWI-associated “scnRNAs” to mark re-
gions of the MIC for elimination (Mochizuki et al. 2002;
Lepere et al. 2008) and other small RNAs that may facilitate
IES removal (Sandoval et al. 2014; Noto et al. 2015),
Oxytricha uses PIWI-associated RNAs (piRNAs) to mark seg-
ments of the MIC genome for retention rather than elimina-
tion (Fang et al. 2012; Zahler et al. 2012). These 27-nt piRNAs
derive from both strands and show peak expression between
18 and 24 h after the beginning of conjugation (Fang et al.
2012; Zahler et al. 2012). Functional experiments demonstrat-
ed that injection of piRNAs targeting MIC-limited sequences
can program retention of those sequences in the new MAC,
and that the DNA sequence retention extends across sexual
generations (Fang et al. 2012); however, piRNAs have not
been demonstrated to program MDS joining or to be capable
of substitution transfer to the rearranging molecule (Nowacki
et al. 2008). Hence, the piRNAs appear to be incapable of pro-
gramming DNA rearrangement (Fang et al. 2012).

Long RNA copies of MAC chromosomes, on the other
hand, can (re)program chromosomal rearrangements
(Nowacki et al. 2008). Oxytricha produces these long RNAs
during a burst of genome-wide bidirectional transcription
early in cell development (Khurana et al. 2014); RT-PCR
detects long, telomere-containing copies of whole chromo-
somes between 5 and 30 h after conjugation (Nowacki
et al. 2008). Injecting synthetic RNA or DNA versions of a
chromosome with incorrectly ordered MDSs leads conjugat-
ing cells to produce progeny whose chromosomes follow the
aberrant ordering in their new MAC, and this effect persists
across multiple sexual generations (Nowacki et al. 2008).
Point mutations introduced by an injected RNA copy of a
chromosome (Nowacki et al. 2008) and, in the related ciliate
Stylonychia lemnae, substitutions in the telomeric sequence,
can be passed to chromosomal telomeres and persist through
multiple asexual generations (Fuhrmann et al. 2016). This
suggests the long RNAs produced during conjugation may
act as templates, as originally proposed in Prescott et al.
(2003) and Angeleska et al. (2007), to guide rearrangement
of genome segments during nuclear development (Fig. 1).

Here we report the first global survey of template RNAs in
Oxytricha trifallax and the first such survey of telomere-to-
telomere RNA transcripts in any eukaryote. We detect the
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FIGURE 1. The template model of genome rearrangement. As the pa-
rental MAC degrades, (A) bidirectional transcription of the parental
chromosomes produces IncRNA copies. In the developing MAC, (B)
Otiwil (blue circles) associates with 27-nt piRNAs to mark MDSs
(numbered) for retention. (C) The IncRNA templates are transported
to the developing MAC, where they guide the correct configuration.
(D) DNA breaks permit recombination between MDSs, with concomi-
tant loss of MIC-limited DNA (light gray). Telomeres (black bars) cap
sequence ends to form a mature MAC chromosome.

presence of over 10,000 different IncRNAs corresponding to
complete MAC chromosomes. These findings support the
template RNA-guided model of DNA rearrangement and un-
derscore the importance of long RNAs in the programming
and maintenance of Oxytricha’s genome architecture.

RESULTS

Oxytricha produces thousands of full-length RNA copies
of somatic chromosomes

We used a novel PCR-based procedure (Fig. 2) to globally
amplify RNA molecules containing telomeric repeats at
both ends across a developmental time course. The six time
points include: zero hours post-mixing (0 h), after compati-
ble Oxytricha strains are combined but before mating begins;
6 h post-mixing, shortly after the first putative template
RNAs were detected in Nowacki et al. (2008); 12 h post-mix-
ing, which previous studies suggested might be the peak of
template RNA production; 18 h post-mixing; and 36 and
60 h post-mixing, when few or no templates were previously
observed. We sequenced the amplified RNAs using Illumina
paired-end sequencing and mapped the resulting 100-bp
reads to a subset of the Oxytricha MAC genome containing
high-confidence chromosomes short enough to be amplified
by the PCR step in the sequencing pipeline. Ultimately, we
recovered RNA-seq read pairs corresponding to 10,507
different chromosomes, representing more than 2/3 of all
completely assembled chromosomes in the somatic genome.
This includes RNA-seq reads detected from 3230 chromo-
somes as early as the time of cell mixing (0 h), much earlier
than expected. This set is enriched in chromosomes with a
high level of expression during development, and
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FIGURE 2. Strategy for genome-wide survey of template IncRNAs (Template-seq). Whole-chro-
mosome RNA copies of somatic chromosomes were selectively amplified using telomeric primers
and reverse transcribed into DNA. Contaminating hexamer repeat sequences were digested with
frequent-cutting restriction enzymes, and the remaining sequences sheared and libraries prepared

for Illumina sequencing.
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transcription might occasionally begin at
or within either telomere, where RNA
polymerase localizes (Khurana et al.
2014), and extend to the other
telomere, since subtelomeric regions are
so short in Oxytricha (often <50 bp;
Swart et al. 2013). Thus, in these cases,
some reads could actually derive from
mRNAs for genes with developmental
expression. Overall, our RNA-seq data
show little correlation with mRNA data
collected over a similar developmental
time course (Swart et al. 2013). In addi-
tion, our RNA-seq reads map across
whole chromosomes, including introns
and subtelomeric regions, with no en-
richment for coding regions (Fig. 3),
suggesting that mRNA contamination is
not a major concern in our data set.
Furthermore, fewer than 2% of reads
map to germline-limited sequence at all
time points. (The only exception is the
presence in the 18 and 36 h time points
of a germline-limited repeat that contains
two telomere-like sequences and thus is
captured by the sequencing pipeline.)
This suggests that our experimental ap-
proach successfully captured noncoding
RNAs that, as predicted, span entire
chromosomes that contain telomeric se-
quences at both ends, and derive from
the mature somatic genome rather than

Source
Garzme
IncANA
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FIGURE 3. Template-seq reads cover entire chromosomes. While the aggregate of average read depth across all chromosomes (A) varies along the
span of a chromosome, all portions are well covered, including noncoding, subtelomeric regions. There is no significant difference in the propor-
tions of bases belonging to different sequence categories (B) between RNA-seq reads in this study and the genomic background, which indicates
that template RNAs are noncoding, containing both introns and intergenic DNA, and that they can cover entire chromosomes from telomere to

telomere.
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FIGURE 4. IncRNA levels show little correlation with the abundance of other RNAs. (A) The
weak relationship between IncRNA levels and mRNA levels (Spearman’s p = 0.181-0.281) across
development indicates that our method captures noncoding RNA rather than mRNA and that
template production is likely independent of normal gene transcription. (B) There is negligible
correlation between IncRNA counts and piRNA counts at any point in development
(Spearman’s p = —0.009—0.088), which suggests that the two classes of RNA are largely indepen-
dent, although it is possible that a subset of the longer RNAs are precursors to the piRNAs.

the germline. In addition, we found no correlation between
IncRNA levels and piRNA levels at any time point in develop-
ment (Fig. 4), suggesting that the molecules we recovered are
a functionally distinct class of RNA, rather than merely
piRNA precursors, but they could serve dual roles.

The absence of some templates suggests that
not all IncRNAs contain both telomeres

To investigate why template RNAs were absent for a subset of
Oxytricha’s MAC chromosomes, we searched for motifs asso-
ciated with those chromosomes. This identified one motif
enriched in the 5’ noncoding regions of nanochromosomes
that had no identified templates, and a second motif enriched

r-nz80 |6 Hours r-ozas 12Hours r-o216 18 Hours r-o273 |36 Hours r-oz42 |60 Hours renas

36 Hours

in the 3’ noncoding region of those same
chromosomes (P<2.2x 107! for both
motifs) (Fig. 5). Overall, nearly half
(48%) of chromosomes with no mapped
IncRNA reads had at least one instance of
either motif, versus 37.0% of contigs with
mapped IncRNA reads. Contigs without
IncRNA data also have significantly
more copies of the motifs per chromo-
some than those with IncRNA reads
(one-sided Welch’s t=6.646, df=
3487.63, P=1.738 x 107'1).

We propose that these motifs disrupt
transcription of the template RNA and
prevent RNA polymerase II (Khurana
et al. 2014) from reaching the far telo-
mere. The AT-rich 5" motif, in particular,
could mimic a transcription termination
signal. Since, in principle, a template
RNA only needs to span all of a chromo-
some’s MDS junctions to guide DNA

T rearrangements, the presence of both
L o telomeres may not be a strict require-
: ment for function. However, because

| . " our survey only captured RNA molecules
AR that contain telomeric sequences on both
ends (see Materials and Methods), such

0003 0001
prematurely terminated templates would
| 3 not appear in our data set. Alternatively,
L RO either motif might interfere with the re-
' verse transcription step in our protocol
. Mﬂ before PCR amplification, and this would
60 Hours.

also lead to their underrepresentation in
the final data set; however, we find no sig-
nificant difference in read number for
contigs that contain at least one instance
of either motif versus those without.
Furthermore, experiments using RT-
PCR and gene-specific primers recovered
sense, antisense, or both strands corre-
sponding to IncRNA transcripts with a
telomere sequence at one end for five (out of five) MAC chro-
mosomes whose template RN As were absent from our RNA-
seq survey (two examples shown in Fig. 6). This evidence of
RNA templates that our current methods were unable to
detect is consistent with the proposal that the cell produces
IncRNA transcripts for all of its chromosomes, and that these
RNAs may include the presence of one or both telomeres.

Heterogeneity in template abundance during nuclear
development

We find that different populations of IncRNA templates with
telomeric sequences at both ends are present at different
developmental stages. While the greatest absolute number
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FIGURE 5. Motifs enriched in chromosomes without IncRNAs.
Sequence logos indicate motifs significantly enriched in either the up-
stream or downstream noncoding regions of chromosomes for which
our survey found no corresponding IncRNAs. Vertical bars indicate
the median position of each motif within the respective noncoding re-
gion. If these motifs cause RNA polymerase to terminate transcription
before reaching the end of a chromosome, it would result in templates
that lack telomeres on both ends. Our RNA-seq pipeline would not
detect such RNAs unless they contain an internal telomeric sequence.

and diversity of templates appears 12 h post-cell mixing,
thousands of templates appear only in samples from later
time points. In addition, hundreds of templates were only
detected at a single time point (Fig. 7), suggesting the possi-
bility of rapid IncRNA production followed by swift degrada-
tion. While the telomere-to-telomere transcripts we surveyed
are individually present at low abundance, resampling simu-
lations indicate that our read depth was high enough such
that we are not missing many IncRNAs as a result of stochas-
tic loss (Fig. 8).

This variation in individual template RNA levels across
development suggests that chromosome rearrangement
may occur in waves, rather than all at once. Chromosomes
whose templates appear in early development (at zero or
6 h post-mixing of mating types) have significantly higher
RNA-seq expression levels during genome rearrangement
(one-sided Welch’s t=3.450, df=5181.362, P=0.00028)
than those whose templates were only detected later in devel-
opment. Chromosomes whose gene products are required
early might assemble first, especially if the cell relies on zygot-
ic transcription from the developing macronucleus while the
parental nucleus degrades. On the other hand, chromosomes
that bear genes whose products are not required until vegeta-
tive growth, i.e., until nuclear differentiation is complete, are
less critical and can be rearranged later during development.

In addition, some features of a chromosome’s rearrange-
ment map appear to correlate with when and how long its
RNA templates are present. Chromosomes whose templates
appear in only a single time point have a significantly greater
number of pointers (the short direct repeats in the germline
where somatic segments recombine) than those present at
all time points (one-sided Welch’s t=2.183, df =845.314,
P=0.01465), although they have fewer scrambled pointers,
which require reordering during rearrangement, relative
to chromosomes with templates found at all time points
surveyed (one-sided Welch’s t=—5.0907, df =1842.702,
P=1.966 x 10~7). Those chromosomes whose templates are
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absent from our RNA-seq data set have a greater number
of MDSs than those that are present (one-sided Welch’s
t=-33.718, df=16281.52, P<22x107'%) as well as
more scrambled pointers (one-sided Welch’s ¢=—3.645,
df = 12449.62, P=0.00013). Conversely, chromosomes with
only a single MDS, which require no rearrangement or IES
elimination but do require telomere addition, appear at sig-
nificantly more time points than those with more than one
MDS (one-sided Welch’s t=2.691, df = 10.086, P=0.011).
Overall, chromosomes that require the greatest number of
MDS joining or rearrangement events have the most tran-
siently available template RNAs.

DISCUSSION

Oxytricha produces RNA copies of thousands of its somatic
chromosomes during macronuclear development. The levels
of these template RNAs fluctuate during development,
and this temporal heterogeneity suggests that not all chromo-
somes undergo DNA rearrangement at the same time. Thus
the corresponding need for template RNAs would vary for
individual chromosomes.

Consistent with the findings of Khurana et al. (2014), both
the absolute number of template RNAs and the number of
distinct template RNA sequences peak 12 h after cell mixing,
when RNA polymerase is found poised near both ends of
the macronuclear chromosomes. However, we find some
templates present earlier in the developmental cascade,
even at the time of cell mixing. The early assembly of these
chromosomes may be important for production of the
corresponding gene products during development. Given
that DNA replication is central to genome rearrangement
in most ciliates (Ammermann et al. 1974), we hypothesize
that the observed variations in genome rearrangement timing
may reflect underlying variations in DNA replication timing,
as reported in human (Koren et al., 2014).

If the cell produces template RNAs serially rather than
through a single burst of transcription, then the time at which
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FIGURE 6. RT-PCR confirms the presence of template RNAs not de-
tected in RNA-seq. On the left are two representative chromosomes
that had no RNA-seq reads but were within the size range of our
IncRNA sequencing method. On the right is a positive control amplifi-
cation from a chromosome that did have RNA-seq reads. The combina-
tion of a gene-specific primer on one side plus a generic primer on the
telomere side produces some background, as expected, but bands of the
appropriate size are recovered in both forward (For.) and reverse (Rev.)
reactions (marked with a red arrowhead). This suggests that the cell does
produce template RNAs for these chromosomes, although it is possible
that some only contain one telomeric sequence.



RNA-cached copies of whole chromosomes

4500 -
4000 -

3500

3000 -
2500 -
2000 -
1500+
1000+
500+
o- I—
o [ 12 18 36 60

Hours Post-Mixing

Category

Detected
Exclusive

Count

FIGURE 7. Different templates are present at different developmental
stages. Thousands of template RNAs are present at every developmental
time point, and each time point included a sub-population of template
RNAs detected only at that time (white bars). Although the greatest
diversity of templates is present 12 h post-mixing, hundreds of templates
were detected only later in development.

a chromosome’s templates become available may influence
the order of DNA deletion and descrambling events or
template-guided DNA repair (Nowacki et al. 2008).
Similarly, Méllenbeck et al. (2008) observed that chromo-
somes go through distinct stages of rearrangement, with sim-
ple DNA deletions often occurring before translocations
during the process of DNA rearrangement. Furthermore,
the data in Méllenbeck et al. (2008) are consistent with the
possibility that some rearrangements might occur before
RNA templates are abundant or even available, because the
earlier DNA deletions were accompanied by higher levels
of error at rearrangement junctions, which RNA template-
guided DNA repair (Nowacki et al. 2008) may later restore.
While there were no RNA studies in Mollenbeck et al.
(2008), it suggested a temporal component to DNA process-
ing, whereas the current study reveals a temporal component
to RNA template presence.

In addition, we found that the persistence of template
RNAs reflects the degree of fragmentation of the correspond-
ing germline locus, and chromosomes that require a larger
number of rearrangement events tend to have templates
that appear for shorter durations. While one might expect
chromosomes with more complex scrambling patterns to
be more challenging (and time-consuming) to descramble
and therefore require longer-lived templates, it is intriguing
that such complex chromosomes are produced instead by
some of the most transient IncRNAs in our data set.
Overall, the heterogeneity of the IncRNA population during

development suggests that different somatic chromosomes
may differ in their rearrangement pathways, and that the
entire population of molecules does not differentiate in lock-
step. Such a strategy may reflect the cell’s need to properly
assemble over 16,000 chromosomes to build its somatic ge-
nome. In the future, it would be fruitful to extend the types
of single-locus studies of DNA rearrangement pathways in
Mollenbeck et al. (2008) to a genome-wide level of analysis,
to test the hypothesis that the timing of chromosome rear-
rangement correlates with the timing of template RNA
accumulation.

The relationship between template RNAs and the other
RNA molecules that participate in genome rearrangement
is also a subject of ongoing inquiry. On the basis of sequence,
the telomere-to-telomere RNA transcripts of MAC chromo-
somes may perform myriad roles during post-zygotic devel-
opment. For example, the IncRNAs not only guide DNA
rearrangement, but also establish DNA dosage levels
(Nowacki et al. 2010) and provide the possible precursors
to piRNAs that protect regions of the germline DNA from
elimination (Fang et al. 2012; Zahler et al. 2012). The present
study identified template RNAs for both scrambled and non-
scrambled loci, as well as for “IES-less” chromosomes that re-
quire no DNA deletion and only excision from the MIC
genome plus telomere addition. Surprisingly, IncRNAs in
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FIGURE 8. Subsampling analysis suggests that the IncRNA population
is well-sampled. The number of chromosomes with corresponding
IncRNA data saturates rapidly at all time points, with 60% of the data
collected being sufficient to recover 90% of the unique IncRNAs at all
time points. This suggests that additional read depth would not substan-
tially increase the number of IncRNAs identified in this study, and that
chromosomes with no IncRNAs identified in this study either are not
transcribed into IncRNAs or were missed due to experimental limita-
tions, rather than missed due to low abundance and stochastic loss.
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the latter category appear to persist longer than those for
chromosomes with multiple MDSs, though RNA templates
in the related ciliate Stylonychia lemnae are also implicated
in telomere sequence regulation (Fuhrmann et al. 2016).

While the ability of synthetic IncRNAs to reprogram MDS
order (Nowacki et al. 2008) demonstrates their role in
guiding DNA rearrangements, the observations that DNA
rearrangements are highly error-prone during development
(Mollenbeck et al. 2008) and that SNPs from injected tem-
plate RNAs occasionally transfer to the MAC chromosomes
of daughter cells (Nowacki et al. 2008) have implicated
the IncRNAs in an additional role as templates for RNA-
guided DNA repair (Nowacki et al. 2008). This step would
allow the cell to identify and either repair or degrade aber-
rant rearrangements (Bracht et al. 2012) using the IncRNAs
to proofread rearranging molecules (Mollenbeck et al.
2008). Therefore, late expressed templates might partici-
pate in one of the final steps of genome rearrangement,
and the IncRNA templates surveyed in this study could
both guide genome rearrangement and facilitate error
correction.

MATERIALS AND METHODS

Cell culture and harvesting

Oxytricha trifallax mating compatible strains JRB310 and JRB510
were cultured in inorganic salt media according to established
protocol (Chang et al. 2004) with Chlamydomonas reinhardtii
and Klebsiella oxytoca as food sources. The cells were left overnight
to exhaust their food, then filtered through gauze to remove
any remaining algae before mixing them in equal proportions to
initiate conjugation (Khurana et al. 2014). Oxytricha cells do not
synchronize during conjugation. Cells were estimated to be within
~6 h of one another in terms of development throughout the
time course.

RNA isolation and template amplification

We collected whole-cell RNA from conjugating cells at six develop-
mental time points (0, 6, 12, 18, 36, and 60 h post-mixing) using a
TRIzol extraction kit (Invitrogen). We DNase-treated (Turbo
DNAse) 10 pug RNA, precipitated it in phenol-chloroform, and re-
suspended it in 24 pL nuclease-free water (Agencourt Bioscience
Corp., Beverly, MA). Reverse transcription reactions were per-
formed with Superscript III enzyme on 3 pg RNA, using a telomeric
primer (5'-CCCAAAACCCCAAAACC-3'). In addition, control re-
actions at each time point without reverse transcriptase showed no
qualitative product (Fig. 9), but were sequenced as negative controls.
For PCR we used eight replicates per time point to reduce jackpot
effects. Fragments were amplified using FastStart enzyme with 0.5
UM of the same telomeric primer used for reverse transcription
through 40 cycles of touchdown PCR (70°-55° for 30 cycles, then
10 cycles at 55°). Replicates were pooled and digested with BsrGI
and Scal-HF (NEB) to eliminate contaminating hexamer repeats
observed in previous experiments (data not shown).

1206 RNA, Vol. 23, No. 8

hrs: 0 6 12 18 36 60 0 6 12 18 36 60 NT
+RT -RT

FIGURE 9. DNA contamination is low in IncRNA data. Lanes on the
left, generated after reverse transcription with a telomeric primer,
show amplification at all time points, whereas no product is visible in
any of the lanes without reverse transcriptase. NT, no template negative
control. Marker is 1 kb Plus DNA Ladder (ThermoFisher).

Library preparation and high-throughput sequencing

Touchdown PCR products were sheared to 400 bp using the Covaris
MiniTube system and gel purified with the QIAquick Gel Extraction
Kit to obtain 350-450 bp fragments. Library preparation was carried
out using a standard Illumina protocol, with end repair, A-tailing,
and adaptor ligation, followed by a second round of gel purification.
We eluted (Minelute, Qiagen) purified product into 10 pL nuclease-
free water and amplified 5 pL by 12 cycles of PCR before gel purifi-
cation, validation on a Bio-Analyzer, and sequencing on an Illumina
GAIIx HiSeq instrument. Raw RNA-seq read files are available on
SRA under accession SRP079066.

RNA-seq analysis

We pruned the complete Oxytricha trifallax macronuclear genome
(Swart et al. 2013) to a subset of 14,162 chromosomes considered
high confidence (with both telomeres assembled) and less than
5000 bp in length (available at http:/trifallax.princeton.edu/data/
pacbio_twotelo_15000bp.fa), as the incubation time we used for
PCR precluded the capture of RNAs corresponding to longer chro-
mosomes. Because template RNAs are expected to cover the entire
chromosome without splicing, we used the nonspliced aligner
BWA MEM (Li 2013) to align reads to the subset. Overall, we found
10,507 Oxytricha chromosomes with at least one mapped IncRNA
read. From these we selected for further analysis (Figs. 3, 5, 7) a
high-confidence subset of 4744 chromosomes with at least 16 pairs
of reads mapped in the proper orientation and correct insert size and
with a stringent threshold of at least 32-fold more mapped reads in
the +RT data set as in the —RT data set.

RT-PCR validation

We followed the protocol of Nowacki et al. (2008). Briefly, Turbo
DNAse treatment (Thermo AM 2238) was followed by reverse tran-
scription of 3 ug RNA isolated at 12 h using a long primer containing
telomeric sequence and a “—RT” control. Subsequent to one-sided
PCR, we used a short anchor primer plus one gene-specific primer
to test forward and reverse strands independently. PCR was carried
out with Phusion enzyme (NEB) for 35 cycles of: 98°C 10 sec (40 sec
in the first cycle), 55° 30 sec, 72° 25 sec; followed by 72° for 5 min.
Primer sequences are as follows (all 5'-3'):


http://trifallax.princeton.edu/data/pacbio_twotelo_l5000bp.fa
http://trifallax.princeton.edu/data/pacbio_twotelo_l5000bp.fa
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RNA-cached copies of whole chromosomes

Reverse transcriptase primer for anchor PCR
ACTATAGGGCACGCGTGGTCGACGGCCCGGGCTGGT
CCCCAAAACCCCAAAACCCCAAAA

Anchor primer
ACTATAGGGCACGCGTGGT

Gene-specific primers:

Contig8682.0_Forward
GGTTATTGATGCACTTAAATTACACTG

Contig8682.0_Rev
CCACATGCATGATACTGGATTTTC

Contig13450.0_Forward
CATATCAACGAGTTGAGAGAGATTC

Contig13450.0_Rev
TCGAAGAAAGGCTTCTTGAATTGAG

Contig10887.0_Forward
CTTAAGCTTTCCTGATTTAGTTCCTC

Contigl10887.0_Rev
CTCATAACTGCTCGACGGTTAAAC

Motif finding

We limited our motif search to chromosomes with only one gene,
as noncoding regions on multigene chromosomes are difficult
to classify as either upstream or downstream: Some regions are 5’
to one gene while 3’ to another. The single-gene chromosomes
were binned into two categories based on whether or not our survey
found an RNA template for them at any time during development,
the telomeres were removed, and the upstream (all sequence 5" of
the transcription start site) and downstream (all sequence 3’ of
the transcription termination signal) regions were extracted. We
also removed noncoding regions <5 nt long from the data set
according to the requirements of the motif-finding algorithm. We
used FIRE-1.1a (Elemento et al. 2007) for discriminatory motif find-
ing with the parameters “--nodups=1” and “--exptype=discrete.”

Statistical analysis

We used the R programming environment (R Development Core
Team 2013) for all statistical analyses, with the ggplot2 package
(Wickham 2009) for visualization and the subSeq package
(Robinson and Storey 2014) for the resampling analysis. For all sta-
tistical analyses raw RNA read counts were normalized by library
size, chromosome length, and DNA copy number.

RNA data set comparisons

We used publicly available mRNA data from Swart et al. (2013)
(downloaded from http:/trifallax.princeton.edu/cms/databases/
raw-data/transcriptome/reads/RNA-seq/WUGSC) and piRNA data
from Fang et al. (2012) (GSE35018) for comparison with IncRNA
levels during development.

ACKNOWLEDGMENTS

We thank Jingmei Wang for assistance with Oxytricha cell culture;
Jessica Wiggins, Wei Wang, and Donna Sorton for Illumina se-
quencing; and David Robinson for advice on adapting his software
to perform the subsampling analysis. We also thank Leslie Beh, Xiao

Chen, Derek Clay, and Rick Miller for their feedback on draft man-
uscripts. This work was supported by National Institutes of Health
grants GM59708 and GM111933 to L.F.L,, and 1F32GM099462
to J.R.B.

Received August 17, 2016; accepted March 14, 2017.

REFERENCES

Ammermann D, Steinbriick G, von Berger DL, Hennig W. 1974.
The development of the macronucleus in the ciliated protozoan
Stylonychia mytilus. Chromosoma 45: 401-429.

Angeleska A, Jonoska N, Saito M, Landweber LF. 2007. RNA-guided
DNA assembly. J Theor Biol 248: 706—720.

Bracht JR, Perlman DH, Landweber LF. 2012. Cytosine methylation
and hydroxymethylation mark DNA for elimination in Oxytricha
trifallax. Genome Biol 13: R99.

Chang W], Stover NA, Addis VM, Landweber LF. 2004. A micronuclear
locus containing three protein-coding genes remains linked during
macronuclear development in the spirotrichous ciliate Holosticha.
Protist 155: 245-255.

Chen X, Bracht JR, Goldman AD, Dolzhenko E, Clay DM, Swart EC,
Perlman DH, Doak TG, Stuart A, Amemiya CT, et al. 2014. The ar-
chitecture of a scrambled genome reveals massive levels of genomic
rearrangement during development. Cell 158: 1187-1198.

Derrien T, Johnson R, Bussotti G, Tanzer A, Djebali S, Tilgner H,
Guernec G, Martin D, Merkel A, Knowles DG, et al. 2012. The
GENCODE v7 catalog of human long noncoding RNAs: analysis
of their gene structure, evolution, and expression. Genome Res 22:
1775-1789.

Elemento O, Slonim N, Tavazoie S. 2007. A universal framework for
regulatory element discovery across all genomes and data types.
Mol Cell 28: 337-350.

Fang W, Wang X, Bracht JR, Nowacki M, Landweber LF. 2012. Piwi-in-
teracting RNAs protect DNA against loss during Oxytricha genome
rearrangement. Cell 151: 1243-1255.

Fuhrmann G, Jénsson F, Weil PP, PostbergJ, Lipps HJ. 2016. RNA-tem-
plate dependent de novo telomere addition. RNA Biol 13: 733-739.

Gupta RA, Shah N, Wang KC, Kim J, Horlings HM, Wong DJ, Tsai M-
C, Hung T, Argani P, Rinn JL, et al. 2010. Long non-coding RNA
HOTAIR reprograms chromatin state to promote cancer metastasis.
Nature 464: 1071-1076.

Khurana JS, Wang X, Chen X, Perlman DH, Landweber LF. 2014.
Transcription-independent functions of an RNA polymerase IT sub-
unit, Rpb2, during genome rearrangement in the ciliate, Oxytricha
trifallax. Genetics 197: 839-849.

Koren A, Handsaker RE, Kamitaki N, Karlic R, Ghosh S, Polak P,
Eggan K, McCarroll SA. 2014. Genetic variation in human DNA rep-
lication timing. Cell 159: 1015-1026.

Latos PA, Pauler FM, Koerner MV, Senergin HB, Hudson QJ,
Stocsits RR, Allhoff W, Stricker SH, Klement RM, Warczok KE,
et al. 2012. Airn transcriptional overlap, but not its IncRNA prod-
ucts, induces imprinted Igf2r silencing. Science 338: 1469-1472.

Lepere G, Bétermier M, Meyer E, Duharcourt S. 2008. Maternal non-
coding transcripts antagonize the targeting of DNA elimination by
scanRNAs in Paramecium tetraurelia. Genes Dev 22: 1501-1512.

Li H. 2013. Aligning sequence reads, clone sequences and assembly
contigs with BWA-MEM. arXiv: p1303.3997.

Lolle SJ, Victor JL, Young JM, Pruitt RE. 2005. Genome-wide non-
Mendelian inheritance of extra-genomic information in Arabidopsis.
Nature 434: 505-509.

Mochizuki K, Fine NA, Fujisawa T, Gorovsky MA. 2002. Analysis of a
piwi-related gene implicates small RNAs in genome rearrangement
in Tetrahymena. Cell 110: 689—699.

Mollenbeck M, Zhou Y, Cavalcanti ARO, Jonsson F, Higgins BP,
Chang W-J, Juranek S, Doak TG, Rozenberg G, Lipps HJ, et al.
2008. The pathway to detangle a scrambled gene. PLoS One 3: €2330.

1207

www.rnajournal.org


http://trifallax.princeton.edu/cms/databases/raw-data/transcriptome/reads/RNA-seq/WUGSC
http://trifallax.princeton.edu/cms/databases/raw-data/transcriptome/reads/RNA-seq/WUGSC
http://trifallax.princeton.edu/cms/databases/raw-data/transcriptome/reads/RNA-seq/WUGSC
http://trifallax.princeton.edu/cms/databases/raw-data/transcriptome/reads/RNA-seq/WUGSC
http://trifallax.princeton.edu/cms/databases/raw-data/transcriptome/reads/RNA-seq/WUGSC
http://trifallax.princeton.edu/cms/databases/raw-data/transcriptome/reads/RNA-seq/WUGSC

Lindblad et al.

Noto T, Kataoka K, Suhren JH, Hayashi A, Woolcock KJ, Gorovsky MA,
Mochizuki K. 2015. Small-RNA-mediated genome-wide trans-
recognition network in Tetrahymena DNA elimination. Mol Cell
59: 229-242.

Nowacki M, Vijayan V, Zhou Y, Schotanus K, Doak TG, Landweber LF.
2008. RNA-mediated epigenetic programming of a genome-rear-
rangement pathway. Nature 451: 153—158.

Nowacki M, Haye JE, Fang W, Vijayan V, Landweber LF. 2010. RNA-
mediated epigenetic regulation of DNA copy number. Proc Natl
Acad Sci 107: 22140-22144.

Prescott DM. 1994. The DNA of ciliated protozoa. Microbiol Rev 58:
233-267.

Prescott DM, Ehrenfeucht A, Rozenberg G. 2003. Template-guided
recombination for IES elimination and unscrambling of genes in
stichotrichous ciliates. ] Theor Biol 222: 323-330.

R Development Core Team. 2013. R: a language and environment for
statistical computing. R Foundation for Statistical Computing,
Vienna, Austria. http:/www.R-project.org/.

Robinson DG, Storey JD. 2014. subSeq: determining appropriate se-
quencing depth through efficient read subsampling. Bioinformatics
30: 3424-3426.

1208 RNA, Vol. 23, No. 8

Sandoval PY, Swart EC, Arambasic M, Nowacki M. 2014. Functional
diversification of dicer-like proteins and small RNAs required for
genome sculpting. Dey Cell 28: 174-188.

Swart EC, Bracht JR, Magrini V, Minx P, Chen X, Zhou Y, Khurana JS,
Goldman AD, Nowacki M, Schotanus K, et al. 2013. The Oxytricha
trifallax macronuclear genome: a complex eukaryotic genome with
16,000 tiny chromosomes. PLoS Biol 11: e1001473.

Wickham H. 2009. ggplot2: elegant graphics for data analysis. Springer
Science & Business Media, NY.

Yerlici VT, Landweber LF. 2014. Programmed genome rearrangements
in the ciliate Oxytricha. Microbiol Spectr 2. doi: 10.1128/microbiol-
spec. MDNA3-0025-2014.

Yoon J-H, Abdelmohsen K, Srikantan S, Yang X, Martindale JL,
De S, Huarte M, Zhan M, Becker KG, Gorospe M. 2012.
LincRNA-p21 suppresses target mRNA translation. Mol Cell 47:
648-655.

Zahler AM, Neeb ZT, Lin A, Katzman S. 2012. Mating of the stichotri-
chous ciliate Oxytricha trifallax induces production of a class of 27 nt
small RNAs derived from the parental macronucleus. PLoS One 7:
e42371.


http://www.R-project.org
http://www.R-project.org
http://www.R-project.org
http://www.R-project.org
http://www.R-project.org

