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SUMMARY

Programmed DNA rearrangements in the single-
celled eukaryote Oxytricha trifallax completely rewire
its germline into a somatic nucleus during develop-
ment. This elaborate, RNA-mediated pathway elimi-
nates noncoding DNA sequences that interrupt gene
loci and reorganizes the remaining fragments by
inversions and permutations to produce functional
genes. Here, we report the Oxytricha germline
genomeandcompare it to thesomaticgenome topre-
sent a global view of its massive scale of genome re-
arrangements. The remarkably encrypted genome ar-
chitecture contains >3,500 scrambled genes, as well
as >800 predicted germline-limited genes expressed,
and some posttranslationally modified, during
genome rearrangements.Genesegments fordifferent
somatic loci often interweave with each other. Single
gene segments can contribute to multiple, distinct
somatic loci. Terminal precursor segments from
neighboring somatic loci map extremely close to
each other, often overlapping. This genomeassembly
provides a draft of a scrambled genome and a power-
ful model for studies of genome rearrangement.

INTRODUCTION

Genomes are dynamic structures. Humans possess genomic

variation among tissues from the same individual (O’Huallachain

et al., 2012). Furthermore, genome instability can be a common
factor in cancer transformation (Stephens et al., 2011), when

thousands of genome rearrangement events contribute to can-

cer-causing lesions. Curiously, programmed genome rearrange-

ments occur during development in a variety of eukaryotes, with

DNA elimination the most frequent type. Examples include chro-

matin diminution in the parasitic nematode Ascaris (Wang et al.,

2012) and DNA loss in lamprey (Smith et al., 2012). In both cases,

�10%–20% of germline DNA is eliminated in somatic cells.

Rejoining of flanking sequences follows DNA deletion in some

cases, but sometimes whole chromosomes are discarded, as

in sciarid flies (Goday and Esteban, 2001). Genome-wide DNA

rearrangements are most exaggerated in ciliates, particularly in

the model organism Oxytricha trifallax, which programs not

only DNA deletion, but also total reorganization, through RNA-

mediated events (Fang et al., 2012; Nowacki et al., 2008). Hence,

Oxytricha presents a unique opportunity to study the intricate

process of large-scale genome remodeling.

O. trifallax, likemost ciliates, possesses two types of nuclei in a

single cell: a germline micronucleus (MIC) and a transcription-

ally-active somatic macronucleus (MAC) (Prescott, 1994). After

sexual conjugation, the old MAC disintegrates and a new MAC

develops from a copy of the diploid zygotic MIC through an elab-

orate cascade of events that delete >90% of the germline DNA

and reorganize and join the remaining DNA pieces. The germline

precursors of MAC gene loci are highly interrupted by short non-

coding elements called internal eliminated sequences (IESs)

(Figure 1) that are removed during development. The retained

gene segments, called macronuclear-destined sequences

(MDSs), are often disordered (scrambled) or inverted in the

germline. Thus, macronuclear development requires the rear-

rangement of MDS segments by inversion or permutation to

assemble functional genes. Pairs of short direct repeats, called
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Figure 1. Development of theOxytrichaMacronuclear Genome from

the Micronuclear Genome

In the micronucleus (MIC), macronuclear destined sequences (MDSs) are in-

terrupted by internal eliminated sequences (IESs); MDSs may be disordered

(e.g., MDS 3, 4, and 5) or inverted (e.g., MDS 4). During development after

conjugation, IESs, as well as other MIC-limited DNA, are removed. MDSs are

stitched together, some requiring inversion and/or unscrambling. Pointers are

short identical sequences at consecutive MDS-IES junctions. One copy of the

pointer is retained in the new macronucleus (MAC). The old macronuclear

genome degrades. Micronuclear chromosome fragmentation produces gene-

sized nanochromosomes (capped by telomeres) in the new macronuclear

genome. DNA amplification brings nanochromosomes to a high copy number.

See also Figure S1.
pointers, are present at consecutiveMDS-IES junctions, and one

copy of each pointer is retained in the MAC. It is unknown

whether the recombination mechanism is a cis or trans process,

or a combination of both, because the polytene chromosome

stage during MAC development (Spear and Lauth, 1976) could

permit recombination in trans between identical copies of MIC

DNA molecules. Massive chromosome fragmentation breaks

longMIC chromosomes into�16,000 gene-sized ‘‘nanochromo-

somes’’ that are bound by short telomeres, average just 3.2 kb,

and are each amplified to high copy number (Swart et al., 2013).

Recent studies have revealed roles of noncoding RNAs in these

events, suggesting that 27 nt Piwi-associated small RNAs

(piRNAs) mark MDS regions for retention (Fang et al., 2012)

and long, noncoding RNAs serve as epigenetic templates to pro-

gram segment order and orientation (Nowacki et al., 2008), as

well as DNA copy number (Nowacki et al., 2010), in the rear-

ranged, somatic genome.

Previously, very little was known about the Oxytricha MIC

genome, aside from a general understanding of a small number

of scrambled genes and its vast excess of noncoding and repet-

itive DNA, including satellites and transposons. Among the latter,

only the TBE elements (a group of abundant DNA transposons)

were previously characterized and shown to participate in pro-

grammed deletion of themselves as well as IESs (Nowacki

et al., 2009). The MIC genome has been a mysterious puzzle,

harboring not only a labyrinth of hundreds of thousands of intri-

cately organized gene segments but also other germline-limited

elements that could be involved in genome rearrangement.

High quality draft somatic genome sequences have been re-

ported for the main model ciliates Tetrahymena (Eisen et al.,
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2006), Paramecium (Aury et al., 2006), and Oxytricha (Swart

et al., 2013). Although genome-wide IES studies have been re-

ported for Paramecium and Tetrahymena (Arnaiz et al., 2012;

Fass et al., 2011), neither of which has scrambled genes, no

comprehensive germline genome has been described to date

for any ciliate species, nor for any organism with a scrambled

genome. Here, we present a draft assembly of the Oxytrichami-

cronuclear genome and compare it to the somatic genome

(Swart et al., 2013) to reveal an unprecedented level of pro-

grammed rearrangements and genomic complexity, arguably

the most complex genome architecture of any known eukaryote.

We demonstrate that the MIC genome sequence is fragmented

into over 225,000 segments, tens of thousands of which are

complexly scrambled and interwoven. Gene segments from

neighboring loci are located in extreme proximity to each other,

often overlapping. Furthermore, the discovery of more than 800

germline-restricted genes provides insights into genome rear-

rangement events.

RESULTS AND DISCUSSION

Genome Sequencing Reveals a Dispersed Set
of Fragments that Produce a Somatic Nucleus
We isolated Oxytricha micronuclei using sucrose purification

(Lauth et al., 1976) and sequenced the DNA to a coverage of

�1103 using a shotgun Illumina method and �153 with single

molecule real-time (SMRT) DNA sequencing (Pacific Biosci-

ences). De novo assembly of error-corrected PacBio reads

with the Celera assembler (Miller et al., 2008) yields an �496

Mb draft assembly (Table 1 and Table S1 available online). Addi-

tional data (BAC and Fosmid sequencing) were used to validate

the assembly (Table S1; Extended Experimental Procedures).

Previous studies using reassociation kinetics (Lauth et al.,

1976) estimated the MIC genome as 0.3–2.3 Gb and the so-

matic-destined (MDS) portion to be 2.4%–18% (generally cited

as �5%) of the MIC genome (Prescott, 1994), but we infer it

could be as high as 10%, based on read statistics (Figure S1;

Extended Experimental Procedures). This small fraction of the

germline gives rise to all functional somatic genes.

The MIC assembly contains 98.9% of all nucleotides in the

MAC assembly. Of 18,405 MAC contigs with one or both telo-

meres (Swart et al., 2013), 18,097 (98.3%) are at least 90%

covered in the MIC assembly, and 16,220 (88.1%) are at least

90% covered on single MIC contigs, suggesting completely

resolved germline-somatic maps. MIC gene loci are typically in-

terrupted by at least one IES, except for 548 IES-less nanochro-

mosomes. Hence, most functional information is encrypted in

the MIC, andmacronuclear development is a process of decryp-

tion. Most IESs interrupt exons (84.7%), making their removal a

strict requirement for gene expression.

The germline genome is fragmented into over 225,000 precur-

sor DNA segments (MDSs) that massively rearrange during

development to produce nanochromosomes containing approx-

imately one gene each. Note that this number is on the same

order of magnitude as the total number of exons in the human

genome (Harrow et al., 2012), but these segments fuse via

DNA splicing at short direct repeats (pointers) at their ends.

The six tiniest of these segments (0 bp MDSs) are merely a splint



Table 1. Assembly Statistics from Oxytricha Micronuclear and

Macronuclear Genomes

MIC Genome

Assembly

MAC Genome

Assemblya

Estimated genome size (Mb) �490–500 �50b

Total assembly size (Mb) 496.2 55.4

Contig number 25,720 19,152

Number R 200 bp 25,720 19,078 (18,405)c

Number R 10 kb 15,942 249

N50 (bp) (R 200 bp) 27,807 3,597

Longest (kb) 381 66

GC (%) 28.4 31.0

Repeat (%) 35.9 0

Gene number 810d 20,883 (�18,400)e

See also Table S1.
aTheMACgenome assembly was clustered using CD-HIT (Fu et al., 2012)

at 95% identity to remove redundancy before calculation of statistics.

Repetitive contigs assembled fromMIC contamination and bacterial con-

tigs were also removed.
bTaken from Swart et al. (2013).
cContaining one or both telomeres.
dNot including IES-less genes.
eEstimated number (18,400) of nonredundant genes. Taken from Swart

et al. (2013).
joining two other MDSs. We identified six strong cases of 0 bp

MDSs (four nonscrambled and two scrambled; Figure 2C). These

comprise just two tandem pointers with no intervening MAC

sequence, underscoring the minimalist role of these MDSs as a

splint between two adjacent regions that would otherwise share

no pointer repeat between them (and be misannotated as 0 bp

pointers).

Of all the millions of piRNA sequences (Fang et al., 2012) that

map to the MIC genome assembly, 96.0%map to MDS regions.

Among the remaining 4% that map to non-MDS regions, the

majority (2.4% of total) map to the MAC genome assembly of

another strain, JRB510, suggesting that they belong to MIC re-

gions that are either MAC-destined in the other strain or were

missed in the JRB310 MAC assembly. The remaining 311,012

(1.6%) reads could also derive from MAC-destined regions that

are present on lower copy number nanochromosomes and ab-

sent from either MAC assembly. Just 0.11% (21,946) of piRNAs

map toMIC-limited repeats, such as TBE transposons and satel-

lites. Therefore, Oxytricha piRNAs rarely map to IESs or other

MIC-limited sequences. These observations support the model

in Fang et al. (2012) that piRNAs mark the precise regions of

the MIC genome for retention during genome rearrangement.

Massive Genome Reorganization
In addition to the intense dispersal of all somatic coding informa-

tion into >225,000 DNA fragments in the germline, a second

unprecedented feature of the Oxytricha MIC genome is its

remarkable level of scrambling (disordered or inverted MDSs).

The germline maps of at least 3,593 genes, encoded on 2,818

nanochromosomes, are scrambled. No other sequenced

genome bears this level of structural complexity.
Scrambled nanochromosomes are typically longer and

contain more MDSs (average 4.9 per kb) than nonscrambled

nanochromosomes (average 3.7 per kb; Figure 2A). Among the

2,818 scrambled MAC chromosomes, 1,676 contain at least

one inverted segment and 644 contain extended regions that

partition odd- and even-numbered segments, a pattern previ-

ously observed for a limited number of scrambled genes

(Prescott, 1994). The most scrambled gene is a 22 kb MIC locus

fragmented into 245 precursor segments that assemble to pro-

duce a 13 kb nanochromosome encoding a dynein heavy chain

family protein (Figure 2B).

Scrambled MDSs are typically much shorter than non-

scrambled MDSs (Figure 2C; median 81 bp for scrambled

MDSs, 181 bp for nonscrambled MDSs), presumably reflecting

the increased fragmentation of scrambled genes (Figure 2A).

While IESs are generally short and GC poor (18% GC), scram-

bled IESs (median 27 nt) are also much shorter on average

than nonscrambled IESs (median 68 nt, Figure 2D). Like the

smallest MDS, the shortest IES is 0 nt, just two adjacent scram-

bled pointers. Figure 2E plots the length distribution of non-

scrambled IESs plus one copy of the pointer, which is the full

length deleted, since one copy of a pointer is retained. (Scram-

bled IESs, on the other hand, are flanked by different pointers.)

Several weak peaks are present in this length distribution, with

a periodicity of approximately 10 bp, similar to one turn of a

DNA double helix. A stronger trend in length distribution among

nonscrambled IESs in Paramecium (Arnaiz et al., 2012) suggests

DNA loop formation during assembly of a transposase-contain-

ing excision complex. Despite the prevalence of small IESs, gene

scrambling permits consecutiveMDSs in theMAC to be far apart

in the MIC, up to 208 kb (Figure 2F, median distance 2.9 kb).

Scrambled pointers are also longer and more GC-rich than

those flanking nonscrambled MDSs (Figure S2A; average

scrambled pointer 11 bp and 30% GC, average nonscrambled

pointer 5 bp and 19% GC). These longer, more GC-rich pointers

may facilitate pointer alignment and unscrambling, even over a

distance.

Most 2 bp pointers are TA (Figures S2B and S2C), the only

pointer sequence in Paramecium IESs and the most common

among Euplotes IESs, all of which appear to be nonscrambled

and have a short terminal consensus sequence resembling the

ends of Tc1/mariner transposons (Jacobs and Klobutcher,

1996; Klobutcher and Herrick, 1995). This suggests that such

IES may be relics from ancient transposon invasion (Klobutcher

and Herrick, 1997). Sequences at the ends of TA IESs in

Oxytricha do not match the Paramecium consensus (Figure S2H)

but do display a complementary overall base composition that

resembles an inverted repeat (Figure S2I).

Among 3 bp pointers, an A nucleotide is overrepresented at

the 50 most position and a T at the 30 most position (Figures

S2D and S2E). ANT is the target duplication site of TBE transpo-

sons, present in thousands of copies in the Oxytricha MIC

genome. Such IESs may also be relics of nonfunctional transpo-

sons (Klobutcher and Herrick, 1997) or reflect constraints on

splice sites processed by transposon-derived machinery (Now-

acki et al., 2009). Their terminal sequences (Figure S2J) also bear

aweak resemblance to the first few bases of theCA4C4 telomeric

repeats at TBE transposon ends (Figure S2K).
Cell 158, 1187–1198, August 28, 2014 ª2014 Elsevier Inc. 1189
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Figure 2. The MIC Genome Is Fragmented

into Hundreds of Thousands of Segments

with Massive Levels of Scrambling

(A) Comparison of chromosome length and

number of MDS segments between 13,910 non-

scrambled (blue) and 2,310 scrambled nano-

chromosomes (red) completely covered on single

MIC contigs.

(B) A chord diagram mapping MIC

ctg7180000068801 to its rearranged form, MAC

Contig17454.0. Lines connect precursor (MIC) and

product (MAC) MDS locations; black dotted line,

an inverted MDS; all 245 MDSs (242 are scram-

bled) drawn in a blue to yellowMAC color gradient;

IESs, gray.

(C) Length distribution of 44,191 nonscrambled

and 9,841 scrambled MDSs <100 nt (excluding

pointers). Inset: 150,615 nonscrambled MDSs and

16,350 scrambled MDSs excluding pointers,

showing the most typical length of scrambled

MDSs is <50 nt.

(D) Length distribution of 101,345 nonscrambled

and 8,333 scrambled high-confidence IESs

<100 nt (excluding pointers and IESs that contain

other MDSs). Inset: 147,122 nonscrambled versus

9,040 scrambled IESs excluding pointers and

IESs that contain other MDSs. We identified six

strong cases of 0 bp MDSs (four nonscrambled

[Contig7827.0 MDS3, Contig11190.0.1 MDS18,

Contig13633.0MDS3,andContig9208.0.0MDS18]

and two scrambled [Contig6325.0.0 MDS58 and

Contig1267.1 MDS7]).

(E) Length distribution of 112,125 nonscrambled

IESs (excluding those that contain other MDSs)

<150 nt, with one copy of the pointer included (i.e.,

the total length of DNA deleted).

(F) MIC genomic distance between scrambled

MDSs that are consecutive in theMAC (n = 12,197);

distance calculated from the pointer flanking MDS

N to its paired pointer flanking MDS N+1.

See also Figure S2.
Thousands of Interwoven Gene Loci
A third exceptional feature we noted is 1,537 cases (1,043 of

which are scrambled) of nested genes, with the precursor MDS

segments for multiple different MAC chromosomes interwoven

on the same germline locus, such that IESs for one gene contain

MDSs for another. Previously, in an earlier diverged genus,

Uroleptus, Kuo et al. (2006) discovered that the precursor of a

two-gene MAC chromosome exhibits a nested structure, with

a precursor segment of one gene present among those for the

other gene—but these segments descramble into only one chro-

mosome. The finding inOxytricha of nested structures occurring

even among segments for different MAC chromosomes impli-

cates a massive scale and coordination of genome rearrange-

ment to assemble separate MAC chromosomes. Though simple

cases of nested genes exist in other eukaryotes; for example,

158 human genes reside completely within the intron of another

gene (Kumar, 2009; Yu et al., 2005), the nested gene segments in

Oxytricha interweave with each other in an elaborately entangled
1190 Cell 158, 1187–1198, August 28, 2014 ª2014 Elsevier Inc.
order and orientation. Figure 3A shows a germline locus that

contains precursors of 5 nanochromosomes, whose MDSs are

not only heavily scrambled themselves, but also deeply inter-

woven with each other. This type of interwoven architecture

also contributes to the large micronuclear distances between

MDS segments that are consecutive in the MAC (Figure 2F).

Alternative Processing of MDSs Produces Multiple
Genes and Chromosomes
A fourth notable feature arising from this radical genome archi-

tecture is that a single MDS in the MIC may contribute to multi-

ple, distinct MAC chromosomes. Like alternative splicing, this

modular mechanism of ‘‘MDS shuffling’’ (proposed in Prescott,

1999 and suggested in Katz and Kovner, 2010) can be a source

of genetic variation, producing different nanochromosomes and

even new genes and scrambled patterns (Figures 3B and 3C). At

least 1,267 MDSs from 105 MIC loci are reused, contributing to

240 distinct MAC chromosomes. A single MDS can contribute
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Figure 3. Gene Segments for Multiple

Distinct MAC Chromosomes Are Some-

times Interwoven or Reused

(A) Germline map of MIC ctg7180000067411

(drawn to scale), containing precursor MDSs

(bars, orientation as shown, including pointers) for

five MAC chromosomes (purple, Contig1267.1;

green, Contig18709.0; red, Contig20652.0; gold,

Contig18297.0; blue, Contig6980.0) whose MDSs

are scrambled and interwoven with each other. IES

regions are gaps. MDS numbers are consecutive in

the MAC.

(B) Germline map of a MIC region

(ctg7180000067243) with four shared MDSs that

assemble into five distinctMACchromosomeswith

identical 50 ends (red, scrambled Contig14686.0;

green, Contig7507.0; blue, Contig7395.0; gray,

Contig15152.0; gold, Contig4858.0); start/stop

codons annotated in blue and red, respectively.

(C) Germline map (ctg7180000068430) depic-

ting a scrambled MAC chromosome (gold,

Contig19716.0) that arose by recombination be-

tween MDSs from two different gene loci (green,

Contig16277.0; blue, Contig22490.0) at a new

pointer (11 bp direct repeat, magenta triangles).

Note that the green Contig16277.0 is an alterna-

tively processed chromosome, itself, with two

predicted stop codons; the shorter, more

abundant isoform (not shown) terminates at an

alternative telomere addition site between MDS

12-13, upstream of an intron 30 splice site. This

creates an earlier, in-frame stop codon within the

retained portion of the unspliced intron (Swart

et al., 2013).
to the assembly of as many as five different nanochromosomes.

Figure 3B shows an example where the precursors of five single-

gene nanochromosomes (one scrambled) share 4 MDSs at the

50 end of their encoded genes but have different sets of 30

MDSs. The shared MDSs preserve reading frame and use the

same start codon.

MDS sharing can also produce new MAC chromosome archi-

tectures. For example, in Figure 3C, the gold nanochromosome

fuses the first three MDSs from the 50 end of the downstream

gene (blue) to the last two MDSs from the upstream gene (green)

via recombination at an 11 bp direct repeat (magenta triangle,

labeled ‘‘pointer’’). This single event creates a novel chimeric,

scrambled nanochromosome from two precursor nonscrambled

loci, supporting the ability of MDS shuffling (Prescott, 1999) to

contribute to the origins of both new genes and new scrambled

genetic architectures.

We examined a set of potential new genes that are produced

through combinatorial assembly of both reused and unique

MDSs. Of the 105 MIC loci that share some MDSs, 55 encode

paralogous proteins (i.e., some of their unique MDSs also share

sequence similarity at the predicted protein level). Such cases

might derive from duplication and divergence of MDSs but not

complete gene loci. Thirty-two cases lack paralogy outside the

shared MDS, resulting in genuinely chimeric proteins that fuse

identical sequence blocks to completely unique blocks. In one
case, the shared MDSs do not extend into the coding regions.

In 12 cases, entire reading frames reside within the shared

MDSs, producing no new predicted gene structures. The re-

maining five cases have no predicted protein-coding genes.

Precursors of Chromosome Ends Often Overlap
In addition to removal of MIC-limited sequences and descram-

bling of MDSs, macronuclear development also involves

fragmentation of the long MIC chromosomes and addition of

telomeres at the new termini, producing gene-sized nanochro-

mosomes in the MAC. Among the 22,875 terminal MDSs we

identified in theMIC genome, most (20,012) are adjacent to a ter-

minal MDS of another nanochromosome, while 2,863 reside next

to an MDS that is an internal segment of another nanochromo-

some. A fifth remarkable feature of Oxytricha’s MIC genome,

deriving from the proximity between terminal segments for

different nanochromosomes, is that theseMDSs frequently over-

lap. This creates vanishingly short intergenic regions, to the point

where the median distance between 10,006 pairs of terminal

MDSs that are adjacent to each other in the MIC (Figure 4, black

bars) is precisely 0 bp. (The range is �34 bp to 19 kb, where a

negative value indicates the length of overlap.) This is in striking

contrast with the absence of gene linkage onmost somatic chro-

mosomes (Swart et al., 2013). While preliminary studies of the

related ciliate, O. nova, hinted that MDS-containing regions
Cell 158, 1187–1198, August 28, 2014 ª2014 Elsevier Inc. 1191



Figure 4. The Distance between Adjacent Terminal MDSs Is Much

Smaller Than that between Terminal MDSs and Adjacent Internal

MDSs for a Different MAC Chromosome

Negative values represent the length of overlapping regions, with the peak

distance between terminal MDSs from �1 to �10 bp (10,006 pairs, black) and

the peak between terminal MDS to internal MDS between 10–19 bp (2,863

pairs, gray).

See also Figure S3.
cluster in the germline (Boswell et al., 1983; Klobutcher, 1987;

Klobutcher et al., 1988), this type of gene density is exaggerated

to the point where nearly half of nanochromosome ends actually

overlap. The variable length of overlap is consistent with amech-

anism of micronuclear chromosome fragmentation that involves

staggered cuts to allow production of both chromosomes from

one precursor or production of two chromosomes with overlap-

ping ends from different polytene chromosomes (Klobutcher

et al., 1988).

If IES removal and chromosome fragmentation are separate

events, then during the stage of IES removal, two adjacent ter-

minal MDSs for different nanochromosomes could sometimes

be processed as a single MDS, with chromosome fragmenta-

tion and telomere addition to follow. This would economically

require just a single cut when the distance between terminal

MDSs is <1 bp. Terminal MDSs next to an internal MDS, on

the other hand, must be processed separately, because they

need to be joined to consecutive MDSs. Correspondingly, the

distance between a terminal MDS and an adjacent internal

MDS is generally much larger (median 30 bp, Figure 4, gray

bars). Sequence features flanking chromosome fragmentation

sites are discussed in the Extended Experimental Procedures

and Figure S3.

Germline-Restricted Protein-Coding Genes
With TBE transposases a notable exception (Nowacki et al.,

2009), the deleted portion of Oxytricha’s germline has generally

been considered transcriptionally inactive. However, a sixth

main conclusion of this study was the discovery and confirma-

tion of hundreds of expressed germline-limited genes, many

with predicted functions that could relate to genome rearrange-

ment. In addition to 548 IES-less nanochromosomes, some of
1192 Cell 158, 1187–1198, August 28, 2014 ª2014 Elsevier Inc.
which appear expressed from both the MIC and the MAC (see

next section), we predicted 810 expressed, nonrepetitive (single

copy) MIC-limited protein-coding genes (including one MT-A70

gene family; see below). Sixty-eight of these MIC-limited genes

fully reside within an IES of another MAC-destined locus. There-

fore, IESs, often considered to be AT-rich ‘‘junk’’ DNA, can not

only harbor MDSs of other genes, but they also bear germline-

limited genes that are discarded during genome rearrangement.

Based on RNA sequencing (RNA-seq) data (Swart et al., 2013)

these 810 germline-limited genes are almost exclusively ex-

pressed during conjugation (peaking 40–60 hr after the onset

of conjugation, with 98% expressed only at 40 and/or 60 hr

and little transcription in asexually dividing (vegetative) cells or

at the ‘‘0 hr’’ time point when cells of compatible mating types

are mixed to initiate conjugation, Figure 5A). The developmen-

tally-limited expression of these germline genes is naturally abro-

gated by DNA diminution, which has been proposed as a mech-

anism of germline gene regulation in lamprey (Petromyzon

marinus) (Smith et al., 2012) and Ascaris suum (Wang et al.,

2012). The ciliate Euplotes crassus possesses a telomerase

gene that is expressed only during development, after activation

by IES deletion, but the gene itself is absent from the vegetative

MAC, suggesting that programmed gene elimination may shut

off its expression (Karamysheva et al., 2003). In lamprey and

Ascaris, the genes eliminated from somatic cells are mostly ex-

pressed during gametogenesis or early embryogenesis. They

are often associated with basic cellular functions such as tran-

scription, translation and chromatin remodeling, suggesting

that these genes are likely to be involved in development or

maintenance of the germline. In the unicellular Oxytricha, how-

ever, in addition to germline differentiation and maintenance,

germline-limited genes could also provide functions in early so-

matic differentiation, specifically in macronuclear development

and genome rearrangement, bridging the interval from degrada-

tion of the parental MAC through production of newmacronuclei.

This also suggests that, despite unicellularity, these microbial

eukaryotes may harbor orthologs of genes required for the

evolution of differentiatedmulticellularity, at least a refined germ-

line-soma distinction. MIC-limited genes could technically be

expressed from either the micronucleus or the developing

macronucleus (before they are eliminated). Because RNA-seq

data (Swart et al., 2013) derive from whole cells, we are unable

to deduce at this time whether expression derives exclusively

from either organelle.

Table S2 compares the properties of predicted Oxytricha

germline-limited genes to the categories of both IES-less genes

and MAC-specific genes on completely sequenced nanochro-

mosomes (Swart et al., 2013). Predicted genes and introns are

both shorter in MIC-limited genes than in the MAC. In addition,

the MIC genome is much more intron-poor (chi-square test,

p value <2.2 3 10�16). A possible explanation may be that the

micronucleus or the developing macronucleus could have

limited access to intron splicing machinery. Among MIC genes

expressed at 40 or 60 hr, their expression levels are not signifi-

cantly different from expressed MAC genes (2 sample t test,

p value = 0.3148, 0.1285 for 40 and 60 hr, respectively). Among

810 predicted MIC genes, only 311 are located on MIC contigs

that contain MDSs for MAC loci, while the others map either to



Figure 5. MIC-Limited Genes and Transpo-

sons Are Preferentially Expressed during

Conjugation, while IES-less Genes Are

More Constitutive but Show Universally

High Expression during Conjugation

(A) Clustered expression profile of 810 germline-

limited nonrepetitive genes across different time

points (vegetative stage (fed); 0, 10, 20, 40, and

60 hr during the conjugating time course). Gene

expression levels are represented by log2

(100,000 3 normalized RNA-seq counts/coding

sequence length).

(B) Mass spectrometry validated 208 MIC-limited

genes (outer, pink circle) and 103 were found to

contain posttranslational modifications (PTMs)

(inner, purple circle). Representative members of

each group are shown within the circles.

(C) Clustered expression profiles of 530 IES-less

genes.

(D) Clustered expression profiles of MIC-limited

transposon-associated genes. Upper: 275 reverse

transcriptase and endonuclease domain proteins

encoded by LINEs; Middle: 21 Helitron-associated

helicases; Lower: 12 DDE_Tnp_IS1595 (ISXO2-like

transposase) domain proteins from insertion se-

quences (ISs).

See also Tables S2, S3, S4, S5, S6, S7, and S8 and

Figure S4.
short contigs or to entirely MIC-limited regions of the genome,

including contigs with repetitive elements.

Proteomic analysis unambiguously supported translation of

208 predicted germline-limited genes (26%of the 810; Figure 5B;

Tables S3 and S4). High-resolution, accurate-mass ultra-high

performance liquid chromatography mass spectrometry

(UPLC-MS) analysis of Oxytricha 40 hr nuclear lysate with mini-

mal upfront fractionation by SDS-PAGE detected MIC-encoded

proteins, based on high-confidence MS characterization of over

100 peptides per protein in some cases (Table S3). With over one

million tandem mass spectra from MAC and MIC peptides as-

signed to >6,900 proteins, this analysis was sufficiently deep

to reveal significant stoichiometric and substoichiometric post-

translational modifications (PTMs) on half (103) of the 208

validated proteins. These modifications include methylation,

acetylation, and phosphorylation, consistent with functional

regulation of the MIC-encoded proteins. Both phosphorylation
Cell 158, 1187–1198
and acetylation occur on proteins with

predicted diverse cellular functions, as

well as unknown proteins (Figures S4A–

S4D) that account for most (74%) of the

phosphorylated cases. Such candidates

might participate in signaling pathways

that coordinate genome rearrangements.

While 118 predicted MIC genes have

paralogs in the Oxytricha MAC genome,

several MIC-specific protein domains

are not identified in the MAC (Table S5).

An example is Ctf8 (chromosome trans-

mission fidelity 8), a component of a
DNA clamp loader involved in sister chromatid cohesion and

usually associated with mitosis/meiosis, both specific to the

MIC, although it could also associate with polytene chromo-

somes during differentiation (Spear and Lauth, 1976). Proteomic

analysis confirmed Ctf8 expression, with seven unique peptides,

one of which contained serine 36 phosphorylation (Table S3),

suggesting regulation. Most other MIC-specific protein domains

are virus-associated, although the hits are often weak, as sug-

gested by high E-values. This could be due to viral integration

into the Oxytricha MIC genome. Moreover, these virus-associ-

ated genes use theOxytricha genetic code and some of the con-

tigs containing them bear MDSs and/or TBEs, suggesting that

they are not contaminants. In addition, mass spectrometry vali-

dated the presence of four viral proteins (Filoviridae VP35

domain and three Parvovirus nonstructural protein NS1 domain;

Table S3). Mass spectrometry also identified specific phosphor-

ylation or methylation of three of these proteins.
, August 28, 2014 ª2014 Elsevier Inc. 1193



Table 2. GO Terms Enriched in Predicted Germline-Limited Genes

GO Term Description

Ratio in

MIC-Limited

Genes

Ratio in

All Genes

(MIC + MAC)

Fold

Enrichment

Bonferroni-Corrected

p Value

GO:0008168 methyltransferase activity 56/810 171/21,693 8.8 1.50 3 10�8

GO:0016741 transferase activity, transferring one-carbon

groups

56/810 173/21,693 8.7 1.99 3 10�8

GO:0032259 methylation 56/810 165/21,693 9.1 3.38 3 10�8

GO:0006139 nucleobase-containing compound metabolic

process

64/810 760/21,693 2.3 6.79 3 10�7

GO:0006725 cellular aromatic compound metabolic process 64/810 784/21,693 2.2 1.46 3 10�6

GO:0046483 heterocycle metabolic process 64/810 786/21,693 2.2 2.40 3 10�6

GO:1901360 organic cyclic compound metabolic process 64/810 793/21,693 2.2 2.81 3 10�6

GO:0034641 cellular nitrogen compound metabolic process 64/810 798/21,693 2.1 3.26 3 10�6
Similar to lamprey andAscaris, theOxytricha germline genome

encodes a repertoire of chromatin-associated genes (Table S6),

and these are significantly enriched in the phosphorylated and

acetylated protein sets, relative to the total predicted MIC-

limited genes (GO term enrichment test, p value = 7.55 3 10�5

and 1.63 3 10�3, respectively). These include a complete set

of core histones (one H2A, two H2B, one H3, and one H4; H1

has not been identified in either the Oxytricha MAC or MIC)

and genes associated with histone modification (three PHD,

one SET, and six chromodomain proteins), suggesting a direct

involvement of chromatin and chromatin remodeling proteins in

genome rearrangement and germline maintenance. Histone

N-terminal tails were the most heavily modifiedMIC-limited pep-

tides in the proteomic analysis (Table S3). For example, Histone

H3 contains both repressivemarks (e.g., H3K9 andH3K27 trime-

thylation) and activating marks (e.g., H3K9 acetylation) plus

H3K4 monomethylation, which can be either activating or re-

pressing (Cheng et al., 2014). Histone H4 was heavily modified

(61 detected PTMs) with both activating and repressive marks

identified on the same residues. The most heavily modified

MIC-limited gene was an H2B variant, with 83 PTMs. We note

that a Euplotes development-specific histone H3 (encoded in

the MAC) has conjugation-specific expression in the developing

MAC (Ghosh and Klobutcher, 2000). The presence of Oxytricha

MIC-specific chromatin components and modifiers could allow

changes in nucleosome composition and chromatin structure

to regulate genome rearrangement. Development-specific his-

tones or their modifications could either mark DNA segments

for genome restructuring or alter the chromatin structure to allow

access to machinery for DNA deletion and rearrangement. Pro-

teomic analysis confirmed expression of a histone acetyltrans-

ferase of the MOZ/SAS family (18 unique peptides) with its

own acetylation at lysines 7 and 257 (Table S3), suggesting the

possibility of self-regulation through autoacetylation. Thirty

unique peptides also confirmed expression of a MIC-limited

SET domain histone methyltransferase. In addition to known

epigenetic modifiers, the MIC genome encodes other genes

that could directly manipulate DNA during genome rearrange-

ment, such as a DNA topoisomerase (that could regulate

DNA unwinding during recombination), a helicase, and an

HTH_Tnp_Tc5 (Tc5 transposase DNA-binding domain) protein.
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GO terms associated with predicted MIC-limited genes are

especially enriched in activities related to methylation (Table 2).

The MIC encodes a large set of 61 MT-A70 domain proteins

(RNA adenosinemethyltransferases, four of which are confirmed

by proteomic analysis) that could participate in many steps dur-

ing RNA-guided DNA rearrangement. During conjugation, both

long, noncoding RNAs and 27 nt piRNAs are produced from

the parental MAC and transported to the developing MAC,

providing essential information about which sequences to retain

and their rearrangement order (Fang et al., 2012; Nowacki et al.,

2008). RNA adenosine methylation is a widespread and dynam-

ically regulated posttranscriptional RNA modification (Meyer

et al., 2012). It might function in Oxytricha to regulate noncoding

RNAs or tomark specific sites or sequences on noncoding RNAs

that guide genome rearrangement during development.

IES-less Genes
IES-less genes are a second category of genes that can be ex-

pressed from the micronucleus or developing macronucleus,

but also the MAC, itself. While they display different expression

levels during a conjugating time-series, most IES-less genes

are highly expressed at 40 and 60 hr (Figure 5C). Furthermore,

they have significantly higher expression during conjugation

than genes whose MIC precursors contain IESs (2 sample t

test, p value = 2.585 3 10�9 and 0.0003037 for 40 and 60 hr,

respectively). Their gene features lie between those of

MAC-specific and MIC-specific genes (Table S2). In particular,

they contain fewer introns per gene than genes encoded on

MAC nanochromosomes with IESs (chi-square test, p value =

3.38 3 10�7). Among the 530 genes encoded on 548 IES-less

nanochromosomes, 278 lack introns. It is possible that expres-

sion from the MIC contributes to their high expression levels,

especially when the parental MAC is degraded. To query MIC-

specific expression, we examined RNA-seq reads that mapped

to MIC loci for these 530 genes and found 21 cases where reads

mapped beyond all detected MAC telomere addition sites,

consistent with transcription from the MIC or from incorrectly

processed MAC chromosome ends.

While GO term enrichment analysis suggests that these IES-

less genes are not enriched for specific functions (except car-

boxylesterase activity, GO:0004091), future studies can address



whether the absence of IESs specifically regulates their early

expression or is a requirement for function during genome

rearrangement.

Repetitive Elements
Finally, we analyzed the types and percentages of various repet-

itive elements in the genome, with the caveat that genome as-

sembly of repetitive regions poses a special challenge and

may be an underrepresentation. The MIC genome contains

four types of germline-limited transposable elements, of which

only TBEs were previously described in Oxytricha (Doak et al.,

1994; Herrick et al., 1985; Nowacki et al., 2009): TBE transpo-

sons (DDE family cut-and-paste DNA transposons), LINEs, Heli-

trons (rolling-circle transposons), and insertion sequences (Table

S8). Oxytricha’s germline genome appears less transposon-rich

than our own, which is roughly half transposon-derived (de Kon-

ing et al., 2011; Lander et al., 2001). With the caveat that trans-

posable elements may be degenerate and individual sequences

not assembled accurately, we predicted hundreds of genes

associated with these transposons (reverse transcriptase and

endonuclease domain genes, Helitron-associated helicases

and DDE_Tnp_IS1595 [ISXO2-like transposase] domain genes).

Their expression is also limited to 40–60 hr into conjugation (Fig-

ure 5D), suggesting that, like TBE transposases (Nowacki et al.,

2009), they could be recruited to function during genome rear-

rangement. Mass spectrometry confirmed expression at 40 hr

of Helitron-associated helicases and LINE-associated genes,

both of which are often posttranslationally modified, suggesting

regulated functions (Table S7).

The largest class of repetitive elements, TBE transposons

frequently map near MDSs and interrupt at least 6,776 nano-

chromosome gene loci. They encode three genes: a 42 kDa

transposase, implicated in genome rearrangement (Nowacki

et al., 2009), a 22 kDa unknown ORF, and a 57 kDa gene with

a zinc finger/kinase domain (Witherspoon et al., 1997) and fall

into three classes: TBE1, TBE2, and TBE3, with two subfamilies

that we identified within TBE2 (see Extended Experimental Pro-

cedures). Long PacBio reads allowed us to successfully

assemble as many as 16 complete TBE transposons on a single

MIC contig (three TBE1, seven TBE2, and six TBE3), demon-

strating the power of this approach to resolve repetitive regions.

LINE elements, also present in the Tetrahymena germline (Fil-

lingham et al., 2004), interrupt at least nine Oxytricha precursor

gene loci. In the Oxytricha MAC genome, telomerase is the

only protein containing an RVT_1 (reverse transcriptase) domain,

commonly associated with telomerases or retrotransposons.

Curiously, in the MAC genomes of both Paramecium and Tetra-

hymena, the RVT_1 domain is present in other genes besides

telomerase. Paramecium gene model GSPATP00023049001

matches the RVT_1 domain with a HMMER E-value of 1.33 10�4

and does not show significant differential expression during con-

jugation (http://Paramecium.cgm.cnrs-gif.fr/db/feature/217802).

In Tetrahymena, gene model TTHERM_00129610 matches

RVT_1 domain with a HMMERE-value of 8.93 10�30 and is upre-

gulated during conjugation (http://tfgd.ihb.ac.cn/search/detail/

gene/TTHERM_00129610). It is possible that their LINE-associ-

ated reverse transcriptases were domesticated in the MAC,

unless those genome assemblies are contaminated by MIC
sequences (that is less likely because the two RVT_1 domain

genes are located on long MAC contigs [>300 kb]). Helitrons,

on the other hand, do not appear to interrupt any Oxytricha pre-

cursor gene loci. Seven Helitron-associated genes are also pre-

sent in the Tetrahymena MIC, suggesting a possible deeper

evolutionary origin.

Swart et al. (2013) previously predicted 21 proteins containing

Phage_integrase, DDE_Tnp_IS1595, or MULE transposase do-

mains in the MAC proteome of Oxytricha but not Tetrahymena

or Paramecium. All these Oxytricha transposase domain genes

show highly conjugation-specific expression. Their MIC precur-

sors all contain IESs, however, and none are full-length transpo-

sons. We did not find any germline transposons bearing

Phage_integrase or MULE domain genes, but we did identify

hundreds of MIC insertion sequences (0.12% – 0.2% of the

MIC genome; Table S8) that carry DDE_Tnp_IS1595 domain

genes. These sequences interrupt at least 24 precursor gene

loci in the MIC. Although usually rare in eukaryotes, this protein

domain is present in Stylonychia’s MAC genome and Perkinsus

(Swart et al., 2013), but absent fromParamecium’sMACgenome

and also appears absent from both the MAC and MIC genomes

of Tetrahymena. Full-length insertion sequences are also rare in

eukaryotes. Hence, the discovery of insertion sequences bearing

these transposase genes and with conjugation-specific expres-

sion suggests they could be another class of domesticated

transposase recruited to genome rearrangement.

Two major classes of satellite repeats that were previously

identified by hybridization, but not sequencing (Dawson et al.,

1984) are also present in the germline, with repeat units of 170

and 380 bp, respectively (Table S8; Extended Experimental Pro-

cedures). They rarely interrupt MDSs (just 11 cases) and some

fosmid clones have the same repeat sequence present at both

ends, suggesting that large, satellite repeat-dense regions may

cluster independently of MDS-rich clusters. This satellite organi-

zation may facilitate their complete elimination during

development.

Conclusions
The assembledOxytrichamicronuclear genome greatly expands

our perspective on the limits of genome complexity, displaying

an unprecedentedly fragmented and scrambled genome archi-

tecture, with thousands of scrambled genes. We provide com-

plete germline-somatic maps for the majority of genes and a

window into nuclear development at a whole-genome level.

The correct interpretation of complex MDS-IES structures re-

lies on the accuracy of genome assembly. Because macronu-

clear contamination was nearly absent from our micronuclear

DNA preparations (see Extended Experimental Procedures),

interference of macronuclear sequences in the assembly was

kept to a minimum. We also validated portions of the assembly

via several different approaches (see Extended Experimental

Procedures). The assembly agrees with the validation data in

all cases in nonrepetitive regions. Therefore, we conclude that

this assembly is an accurate representation of the Oxytricha

germline genome. Repetitive regions offer a significant challenge

for the assembly of any complex genome. Despite the fragmen-

tary nature of the assembly at repetitive regions, we were able to

achieve a relatively continuous assembly of the nonrepetitive
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regions, especially the MDS-containing regions, from which we

derive most of our biological conclusions.

The discovery of hundreds of germline-limited nonrepetitive

genes is unique among unicellular eukaryotes, so far, and

elegantly suggests a cache of functional genes that support

somatic differentiation and genome rearrangement when the

maternal somatic genome is destroyed, consistent with the pro-

posed use of chromatin diminution for germline gene regulation

in lamprey (Smith et al., 2012) and Ascaris (Wang et al., 2012).

Validation of 26% of these germline-limited genes by MS-based

proteomics, plus identification of posttranslational modifications

affecting half of the validated genes, hints at a complex protein

regulatory network during somatic differentiation. The Oxytricha

germline genome assembly presented here provides a valuable

resource for comparative genomics, even within a single cell, a

window into the extreme limits of eukaryotic genome architec-

ture, and a platform for future studies of genome remodeling.

EXPERIMENTAL PROCEDURES

See the Extended Experimental Procedures for detailed protocols.

Nuclei Isolation, DNA Extraction, and Genome Sequencing

We grew vegetative cultures ofOxytricha strain JRB310 and isolated micronu-

clei using sucrose gradient centrifugation, as described in Lauth et al. (1976).

Different libraries were prepared from extracted DNA and sequenced with Illu-

mina HiSeq 2000 and PacBio platforms.

Genome Assembly

Illumina unitigs assembled fromMaSuRCA (Zimin et al., 2013) were used to er-

ror correct PacBio reads with ectools (https://github.com/jgurtowski/ectools).

Corrected PacBio reads were assembled using the Celera assembler (Miller

et al., 2008).

Identifying Genome Rearrangement Junctions and MDS, IES, and

Pointer Designations

We mapped the MAC genome assembly (excluding telomeres) onto the MIC

assembly using BLASTN (BLAST+ [Camacho et al., 2009] parameters: -un-

gapped -word_size 20 -outfmt 6). Paralogous MDS regions were filtered out

if they had poor sequence similarity (<98%) to the MAC and no pointers be-

tween consecutive matches. Custom Python scripts were used to extract

MDSs, IESs, and pointers from the BLAST output. MDSs, IESs, and pointers

are defined below. Complete MDS-IES maps are available at http://trifallax.

princeton.edu/cms/raw-data/genome/mic/

Oxytricha_trifallax_micronuclear_genome_MDS_IES_maps.gff.

Pointers

Pointers are short sequences of microhomology repeated at MDS-IES junc-

tions and present as one copy at consecutive MDS-MDS junctions in the

MAC. No mismatch is allowed between the two copies of each pointer.

MDSs

MDSs are sequence blocks retained in the MAC, excluding the pointers.

IESs

IESs are sequence blocks that separate MDSs in the MIC and are absent from

the MAC, excluding the pointers.

Nonscrambled MDSs

Nonscrambled MDSs are MDSs that are in the same orientation and order in

the MIC relative to the MAC.

Scrambled MDSs

Scrambled MDSs are MDSs that are not in the same orientation or order in the

MIC relative to the MAC.

Nonscrambled IESs

Nonscrambled IESs are IESs between two MDSs that are in the same orienta-

tion and order in the MIC relative to the MAC. They are flanked by identical

pointer repeats.
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Scrambled IESs

Scrambled IESs are IESs between two MDSs that are not in the same order or

orientation in theMIC relative to the MAC. They are flanked by different pointer

sequences.

Gene Prediction

We gathered RNA-seq reads from Swart et al. (2013) and assembled a tran-

scriptome using only reads that do not map to the MAC genome assembly

with SOAPdenovo-Trans (Li et al., 2010), Trinity (Grabherr et al., 2011) and

PASA (Haas et al., 2003). We predicted genemodels with AUGUSTUS (version

2.5.5) (Stanke and Morgenstern, 2005) using assembled transcripts as hints.

ACCESSION NUMBERS

The GenBank accession number for the genome assembly and the raw

sequencing data reported in this paper is ARYC00000000.
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Supplemental Information

EXTENDED EXPERIMENTAL PROCEDURES

Nuclei Isolation, DNA Extraction, and Illumina Sequencing
Vegetative cultures of Oxytricha were grown in Pringsheim media, with the volume doubled each day. Chlamydomonas reinhardtii

was the primary food source, supplemented occasionally with fresh overnight cultures of Klebsiella pneumoniae to boost growth.

Oxytricha were grown to approximately 20 3 106 total cells and then moved to a 4�C room for a 3 day starvation period to allow

the cells to digest the majority of bacterial and algal food. After the first day at 4�C, the cells were filtered through gauze to eliminate

algae clumps and remove excess uneaten algae. At the end of 3 days at 4�C, the cells were again gauze-filtered, collected on a 10mm

Nytex filter and washed 2X with Pringsheim media on-filter. The washed, starved Oxytricha cells were then collected in two 50ml

conical tubes on ice, spun at 200 g for 1 min followed by removal of the supernatant (leaving approximately 2ml of packed cells).

Approximately 45ml of Lysis buffer (3% sucrose, 0.2% Triton X-100, 0.01% Spermidine-trihydrochloride (Lauth et al., 1976)) was

added to each tube and lysis was allowed to proceed, with gentle inversion mixing and occasional vortex, for 45min-1hr on ice.

The completeness of the lysis was verified by microscopic examination with 5ng/ul DAPI, and the lysed material was layered onto

10%–40% discontinuous sucrose gradients exactly as described (Lauth et al., 1976), and centrifuged at 250 g for 10min in a Sorvall

SH3000. The 10% sucrose fractions were collected (avoiding the 10%–40% interface as well as the 3%–10% interface) into fresh

50ml conical tubes and spun at 4700rpm for 10min. The supernatant was gently poured off and the resulting pellet was resuspended

in buffer T1 of the Nucleospin Tissue Kit (#740952.250, Macherey-Nagel, Bethlehem, PA, USA). The standard protocol was followed

for DNA preparation (proteinase K treatement, lysis and purification over a column). DNA was then run on a 0.3% SeaKem Gold

agarose gel to purify largemolecular weight components. The gel was imagedwith EthidiumBromide on aUV transiluminator to iden-

tify the limit-mobility band, which was excised and eluted from the gel using the QIAGEN Gel purification kit. The resulting material

was submitted to the Princeton University sequencing facility for Illumina library construction and paired-end sequencing. An initial

MIC DNA purification (from approximately 20 3 106 total cells) was used to generate libraries with inserts of 300 and 500bp, and a

second MIC DNA purification (again from approximately 20 3 106 total cells) was used to create libraries of 350, 400, and 450 bp.

These libraries were run in multiplex mode on two lanes of a HiSeq 2000 Illumina machine.

PacBio Sequencing of Micronucleus-Enriched Genomic DNA
Oxytricha trifallax DNA library preparation and sequencing was performed according to the manufacturer’s instructions with the P5-

C3 sequencing enzyme and chemistry, respectively. 5mg of sucrose-purified, high-quality, micronuclear-enriched DNA was verified

using high sensitivity Qubit analysis to quantify the mass of double-stranded DNA present. After quantification, DNA was diluted to

150 ml using QIAGEN elution buffer at 33 mg/mL. The 150 ml aliquot was individually pipetted into the top chamber of a Covaris G-tube

spin column and sheared gently for 60 s at 4500 rpm using an Eppendorf 5424 bench top centrifuge. Once completed, the spin col-

umnwas flipped after verifying that all DNAwas now in the lower chamber. Then, the columnwas spun for another 60 s at 4500 rpm to

further shear the DNA and place the aliquot back into the upper chamber, resulting in a 10,000 to 20,000 bp DNA shear, verified using

a DNA 12000 Agilent Bioanalyzer gel chip. The sheared DNA isolates were then repurified using a 0.45X AMPure XP purification step

(0.45X AMPure beads added, by volume, to each DNA sample dissolved in 200 ml EB, vortexed for 10 min at 2,000 rpm, followed by

two washes with 70% alcohol and finally diluted in EB). This AMPure XP purification step assures removal of any small fragment

and/or biological contaminant.

After purification,�1.9 ug of purified and sheared sample was taken into DNA damage and end-repair. Briefly, the DNA fragments

were repaired using DNA damage repair solution (1X DNA damage repair buffer, 1X NAD+, 1 mM ATP high, 0.1 mM dNTP, and 1X

DNA damage repair mix) with a volume of 21.1 ml and incubated at 37�C for 20 min. DNA ends were repaired next by adding 1X end

repair mix to the solution, which was incubated at 25�C for 5 min, followed by the second 0.45X Ampure XP purification step. Next,

0.75 mM of blunt adaptor was added to the DNA, followed by 1X template preparation buffer, 0.05 mM ATP low and 0.75 U/mL T4

ligase to ligate (final volume of 47.5 mL) the SMRTbell adapters to the DNA fragments. This solution was incubated at 25�C overnight,

followed by a 65�C 10min ligase denaturation step. After ligation, the library was treated with an exonuclease cocktail to remove un-

ligated DNA fragments using a solution of 1.81 U/mL Exo III 18 and 0.18 U/mL Exo VII, then incubated at 37�C for 1 hr. Two additional

0.45X Ampure XP purifications steps were performed to remove < 2000 bp molecular weight DNA and organic contaminant.

Upon completion of library construction, samples were validated as�20 kb using another Agilent DNA 12000 gel chip. The micro-

nucleus-enriched library was sufficient for additional size selection to remove any library molecules < 7,000 bp. This step was con-

ducted using Sage Science Blue Pippin 0.75% agarose cassettes to select library in the range of 7,000–50,000 bp. This selection is

necessary to narrow the library distribution and maximize the SMRTbell sub-readlength for the best de novo assembly possible.

Without selection, smaller 2000–7000 bp molecules will dominate the zero-mode waveguide loading distribution, decreasing the

sub-readlength. About 18% of the input library resulted after elution from the agarose cassette, which was enough yield to proceed

to primer annealing and DNA sequencing on the PacBio RSII machine. Size-selection was confirmed by Bio-Analysis and the mass

was quantified using the aforementioned Qubit assay.

Then, primer was annealed to the size-selected SMRTbell with the full-length libraries (80�C for 2min 30 followed by decreasing the

temperature by 0.1�/s to 25C�). The polymerase-template complex was then bound to the P5 enzyme using a ratio of 10:1 polymer-

ase to SMRTbell at 0.5 nM for 4 hr at 30�C and then held at 4�C until ready for magbead loading, prior to sequencing. The magnetic
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bead-loading step was conducted at 4�C for 60min. Themagbead-loaded, polymerase-bound, SMRTbell libraries were placed onto

the RSII machine at a sequencing concentration of 50 pM and configured for a 180 min continuous sequencing run. Sequencing was

conducted to ample coverage across two SMRTcells for each isolate. Data were then generated and filtered at 0.75 RQ and 500 bp

sub-readlength.

Genome Assembly
Raw Illumina sequencing reads were trimmed with the preprocess module from the SGA package (Simpson and Durbin, 2012)

(quality score threshold 30). Illumina reads were assembled into contigs using MaSuRCA (verson 2.1.0, cgwErrorRate = 0.15,

USE_LINKING_MATES = 0) (Zimin et al., 2013). The MaSuRCA assembly contains 145,639 contigs with a N50 of 7.1kb (total bases

393.2Mb). The smaller genome size than estimated is likely due to collapsing of repetitive sequences. PacBio reads were first map-

ped with BLASTN (BLAST+ (Camacho et al., 2009)) to a combined database of the MAC genome and the MIC MaSuRCA assembly

and assigned to either MAC or MIC sequences based on their best hit. BLASTNwas used here instead of BLASR (Chaisson and Tes-

ler, 2012) because BLASR allows many more gaps, but we rely on MDS-IES structures that break alignments to distinguish a read as

a MAC or MIC derived sequence. 46,978 out of 1,774,906 PacBio templates longer than 3kb were assigned to MAC and filtered out.

MIC derived PacBio reads longer than 3kb were error corrected using high identity unitigs (from the MaSuRCA output) with ectools

(https://github.com/jgurtowski/ectools) using default parameters (PRE_DELTA_FILTER = false). Error corrected MIC reads were

assembled with the Celera assembler (merSize = 14, unitigger = bogart, ovlMinLen = 1500) (Miller et al., 2008).

The final assembly covers most of the entire MAC genome assembly (98.9%) and complete MDS-IES maps were resolved for the

majority (16,220, 88.1%) of 18,405 MAC contigs with one or both telomeres. The MIC precursors for 1615 (8.8%) MAC contigs are

present on two MIC contigs; therefore, the distance separating them is unknown. For the remaining 570 (3.1%) MAC contigs, 262

(1.4%) map completely to more than twoMIC contigs, while 308 (1.7%) are incompletely (<90%) covered in the current MIC genome

assembly. This set of incompletely mapped MAC contigs could potentially include mis-assemblies or contaminations in the MAC

genome assembly.

The final assembly was mapped to the NCBI nonredundant protein database using BLASTX (BLAST+ (Camacho et al., 2009),

parameter: -query_gencode 6). An E-value threshold of e-9 was applied to filter out bacterial contigs. The assembly was alsomapped

to the Oxytricha mitochondrial genome (Swart et al., 2012) (GenBank accession: JN383843) and the Chlamydomona reinhardtii

genome (Merchant et al., 2007) (version 4.0 - http://genome.jgi-psf.org/Chlre4/download/Chlre4_genomic_scaffolds.fasta.gz) to fil-

ter out these contaminants.

We used BWA (Li and Durbin, 2009) to map raw reads to the assembly with default parameters. SAMtools (Li et al., 2009) was used

to process the alignment files and calculate the coverage at each base that is not masked by RepeatMasker. The median coverage

for each contig can be found at: http://trifallax.princeton.edu/cms/raw-data/genome/mic/Oxytricha_trifallax_micronuclear_

genome_contig_coverage.txt. SAMtools was used for SNP identification. Candidate SNPs were filtered with the following criteria:

(1) total depth is R 10 and % 140; (2) root mean square of mapping quality is R 20; (3) number of supporting reads for either the

reference or the alternate bases should beR 4; (4) the SNP is in unmasked regions. The identified SNPs in vcf format are documented

at http://trifallax.princeton.edu/cms/raw-data/genome/mic/Oxytricha_trifallax_micronuclear_genome_SNP.vcf

Estimation of Genome Size
TheMIC genomewas previously estimated to be 0.3-2.3Gb through reassociation kinetics (Lauth et al., 1976). The size of the haploid

genomes (G) in bp is estimated as G = B 3 P/X (Lander and Waterman, 1988), where B is the total bases in raw reads, P is the per-

centage ofOxytricha reads, and X is the estimated base coverage, assuming equal representation of all types of MIC elements in the

raw reads. Bymapping raw reads to the assembled bacterial contigs, we estimated the proportion of bacterial reads in the raw reads

as 33.2% for insert sizes 300 and 500 bp; and 17.3% for insert sizes 350, 400 and 450 bp. Using this approach (Table S1), we esti-

mated the haploid genome size to be�490-500 Mb, which is close to half of the conventionally accepted estimate of the 1Gb diploid

genome size (Prescott, 1994). The MIC genome assembly is 496Mb, which agrees with the estimated genome size.

Earlier studies reported approximately 120 germline chromosomes in Oxytricha (Spear and Lauth, 1976). We detected the MIC

telomere sequence (long stretches of C4A4 repeats) on 2243 PacBio reads. After error correction, the remaining 1742 reads assem-

bled into 149 distinct contigs corresponding to chromosome ends. This early analysis suggests that there exist at least 75 germline

chromosomes.

BAC Library Construction and Sequencing
Oxytricha micronuclei were isolated as described under ‘‘Nuclei isolation, DNA extraction and sequencing’’ but the purified micro-

nuclear pellet was gently resuspended in remnant liquid after the 4700rpm 10 min spin, transferred to a 1.5 ml Eppendorf tube for

concentrating by gentle spin (4500rpm, 3min), and most liquid removed. A molten 2% low-melt InCert Agarose solution (Cambrex,

Rockland, ME) was added at a 1:1 volume and mixed gently with the nuclear pellet, and immediately pipetted on ice into plug molds

for pulse-field electrophoresis (BioRad, Hercules, CA) and the agarose was allowed to harden for 5 min. Plugs were released into

45ml of CTAB-PK solution (CTAB extraction buffer from Teknova, Hollister, CA) supplemented with 0.2 mg/ml proteinase K and

1%SDS, incubated at 50�C for 2hr. The CTAB-PKwas removed and fresh CTAB-PKwas added, and incubated overnight. The plugs

were thenwashedwith 3-4 changes of TE, and transferred to 45ml of 1% lithium dodecyl sulfate, 10mMTris pH 8.0, 100mMEDTA pH
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8.0 and incubated at 37�C for 1hr. This buffer was then replaced and the incubation was continued at 37�C for 24-48hr. The blocks

were then transferred to �50ml of 20% N-laurylsarcosine, 2mM Tris pH 8.0, 140mM EDTA pH 8.0 and equilibrated for 2hr at room

temperature on a gyratory shaker. This buffer was then replaced with fresh buffer, and the plugs were analyzed directly by pulse-field

electrophoresis to isolate DNA of 100-200 kb. This material was cloned into the EcoRI site of the pCC1BAC vector (Epicenter, Mad-

ison WI) and transformed into DH10BT1 cells. Only a few hundred colonies were observed when DNA was prepared in this manner,

prompting us to investigate fosmid strategies for large-insert library creation (see below). 96 BACs were Sanger end sequenced,

including both randomly-selected clones with inserts and a set that hybridized to probes for either TBE1 transposons or other genes

of interest. In addition, six BACs were completely sequenced on an Illumina GAIIx, using DNA prepared with the QIAGEN plasmid

MIDI-prep kit (QIAGEN, Hilden, Germany) and ExoI treatment to reduce E. coli genomic DNA contamination, followed by standard

Illumina fragmentation and library construction protocols. Inserts sizes of 400bp were used and each BAC library was constructed

with a unique barcode for pooling. We also selected 6 BACs from the 96 end-sequenced BACs for complete PacBio sequencing,

following the same procedures documented in ‘‘PacBio sequencing’’ section (Size selection was not performed).

Fosmid Library Construction and Clone Sequencing
DNA for fosmid library construction was prepared by sucrose fractionation of micronuclei as described above, followed by embed-

ding in agarose plugs, as described for BAC library construction. Due to difficulties with in-plug restriction digestion during BAC li-

brary construction, we liberated large-size DNA molecules from plugs by phenol-chloroform extraction without electrophoresis. The

material released in this way was fortuitously sheared to �40kb fragments ideal for fosmid cloning with the pCC2fos Copy Control

system (Epicenter). In total, 124,000 clones were gridded and spotted onto membranes.

For the pooled Illumina sequencing, 300 fosmids were randomly chosen and sequenced in indexed, overlapping subsets of 1, 6,

24, 60, 120 and 300 on an Illumina HiSeq 2000 with an insert size 300 bp. The 6-clone subset was contained in the 24-clone subset,

and so on. In addition, 432 randomly selected fosmids (336 paired-end and an additional 96 single-end) were subjected to Sanger

end-sequencing (DeWalch, Houston, TX and Macrogen, Rockvill, MD). 399 end sequences were sufficient sequence quality; of

these, 218 were of bacterial origin. The remaining 181 end sequences were analyzed to infer genome composition as described

in ‘‘Genome composition’’ section, below.

Use of BAC and Fosmid Sequences for Validation of the Assembly
We validated a small portion of the MIC assembly by comparing it to the assembled contigs derived from sequenced BACs and fos-

mids (listed in Table S1). Illumina reads for 6 BACs and 300 fosmidswere assembledwith IDBA (version 1.1.0) (Peng et al., 2012) using

default parameters. We used HGAP assembler (Chin et al., 2013) to assemble PacBio reads sequenced from 6 additional BACs

following procedures described in https://github.com/PacificBiosciences/Bioinformatics-Training/wiki/HGAP-Whitelisting-Tutorial.

Fosmid or BAC contigs were mapped to the MIC genome assembly with BLASTN (-word_size 100). We require a proper alignment

to be longer than 90% of the contig length and the percent identity to be larger than 95%. In cases where a fosmid/BAC contig is not

contained in oneMIC contig but spansmultipleMIC contigs, we require the final nucleotide of an alignment to be nomore than 100 bp

from either end of the reference or the query.

Among the 104 fosmid contigs (after exluding bacterial sequences) larger than 1kb (total bases 604.7kb), 96 (528.9 kb) map prop-

erly to the assembly, validating 523.5kb of sequence on 73 MIC contigs. Five other contigs (58.1kb) contain 13.9 kb of repetitive se-

quences that map improperly to many places in the assembly; however, sequence outside the repetitive regions map properly, vali-

dating 41.8kb on 8 MIC contigs. The remaining 3 fosmid contigs (12.8kb, 2.5kb, and 2.4kb) correspond entirely to repetitive

sequence. It is also possible that the Illumina assembly of fosmids is inaccurate in repetitive regions.

Among the 14 BAC Illumina contigs larger than 1kb (total bases 109.7kb), 8 (35.2 kb) map properly to the assembly, validating

34.3kb of sequence on 8 MIC contigs. Four other contigs (61.6kb) contain 5.0 kb of repetitive sequences and the remaining nonrep-

eptive regions map properly, validating 55.7 kb of sequence on 6 MIC contigs. The remaining two BAC contigs (5.1kb and 7.8kb)

correspond entirely to repetitive sequences.

PacBio sequencing of six BAC clones produced 7 long contigs larger than 20kb (total bases 397.2kb). They all contained long re-

gions of satellite repeats (>40kb in 3 cases) that usually split contigs, and some also contain long regions of TBEs. This further doc-

uments the presence of large repetitive regions in the genome, as also inferred from fosmid inserts with both ends mapping to the

same class of satellite repeats (described in ‘‘Genome Composition’’ section, below). The nonrepetitive regions all map properly to

the MIC assembly, validating 138.4kb of sequence on 6 MIC contigs.

The limited number of fosmid and BAC end sequences (285 (107 pairs) and 119 (58 pairs) respectively, after eliminating bacterial

sequences) were not as useful for validating the assembly, since, in most cases, at least one end maps to a repetitive sequence.

In total, BAC and fosmid sequences validated 793.7kb of the assembly.

Experimental Validation of a MIC Contig
We used PCR to validate a particularly complex 39.5kb MDS-rich region on a 54kb MIC contig (ctg7180000089708) (MDS-IES map

available at http://trifallax.princeton.edu/cms/raw-data/genome/mic/Oxytricha_trifallax_micronuclear_genome_MDS_IES_maps.

gff), usingMIC-specific overlapping primer sets. The resulting products were approximately 1 to 4 kb in length, visualized by agarose

gel electrophoresis. The end sequences of PCR products were mapped to the MIC assembly for validation, using Geneious (version
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5.6) (Biomatters, http://www.geneious.com/). If needed, the PCR products were cloned into a TOPO vector (pCRTM2.1-TOPO� TA

Vector, Invitrogen), transformed into One Shot� TOP10 Chemically Competent E. coli cells (Invitrogen), and amplified by colony PCR

for direct Sanger end-sequencing. 37 kb of the 39.5 kb region was successfully validated, including 107 of 110MDSs (67 of which are

scrambled). Extensive paralogy at the 30 end of this region precluded further validation by PCR.

Preprocessing of the MAC Genome Assembly before Mapping to the MIC Assembly
The MAC genome assembly was clustered using CD-HIT (Fu et al., 2012) at 95% similarity (-c 0.95 -aS 0.9 -uS 0.1) to remove redun-

dant contigs. Contigs shorter than 200 bp were ignored. Repetitive contigs assembled fromMIC contamination and bacterial contigs

were also removed. For MDS annotation we only consideredMAC contigs with one or both telomeres. This reduced the total number

of MAC contigs for annotation from 22,450 to 18,405. MAC contigs were reoriented in the direction of the encoded gene, or the

longest gene for multigene chromosomes. MAC contig names start with ‘‘Contig’’ and MIC contig names start with ‘‘ctg’’ or ‘‘deg.’’

piRNA Mapping
Non-redundant 27 nt Piwi (Otiwi1) co-immunoprecipitated sRNA (piRNA) reads (extracted from a conjugating time course between

cells of JRB310 and JRB510 strains, Fang et al., 2012) were mapped to the MIC assembly using Bowtie2 (Langmead and Salzberg,

2012) with parameters ‘‘-N 1 -L 20.’’ piRNA readsmapped with more than onemismatch were filtered out. 19,676,712mapped reads

were assigned to MDS (18,896,399) versus non-MDS (780,313) regions. Reads that mapped to non-MDS regions were subsequently

mapped to the JRB510 MAC genome draft assembly (manuscript in preparation) with Bowtie2 and filtered as described above.

469,301 mapped to the JRB510 MAC assembly, suggesting that they belong to MIC regions that are either MAC-destined in

JRB510 or were missed in the JRB310 MAC assembly.

MDS Sharing
The MAC genome assembly was aligned to itself using BLASTN. We selected pairs of MAC contigs with > 96% identify over a region

larger than 200 bp and smaller than 80% of the length of the shortest contig in the pair. We then comparedMDS patterns of their MIC

precursors and examined whether their identical regions derive from the same MDSs on the same MIC contigs. To ensure that the

shared MDSs are present in single copy in the MIC, we checked that the read coverage of shared MDSs is similar to that of unique

MDSs.

Chromosome Fragmentation Sites
MIC sequences flanking terminal MDSs were first identified from the BLAST output produced from mapping the MAC genome

against the MIC genome. MAC Illumina sequencing reads containing telomeres were mapped to MIC sequences flanking terminal

MDSs with BLAT (Kent, 2002) (default parameters). The most frequently used telomere addition sites for each nanochromosome

end were extracted from the mapping output and treated as chromosome fragmentation sites. The distance between adjacent telo-

mere addition sites as well as the distance between telomere addition site and adjacent internal MDS ends were calculated and

plotted. For each telomere addition site, 200bp flanking sequences were extracted to plot base frequency. Sequence logos for

20bp flanking sequences were produced with Weblogo (Crooks et al., 2004).

For alternatively fragmented sites, because the MAC assembly may have mis-incorporated telomeric sequences, we extracted

MIC precursor sequences (excluding IESs) corresponding to MAC regions with alternative fragmentation sites (Swart et al., 2013).

We then mapped all MAC telomeric reads to these sequences and extracted the most frequently used telomere addition sites.

Previous studies identified sequences that carry the specific signal for chromosome breakage and telomere addition in Tetrahy-

mena (Yao et al., 1990) (in MIC-limited sequences flanking MAC precursors) and Euplotes (Klobutcher et al., 1998) (mostly in MAC

subtelomeric regions but sometimes in MIC-limited sequences). A chromosome breakage signal similar to that of Euplotes may be

present in Stylonychia (Jönsson et al., 2001), a genus more closely related toOxytricha. We searched for cis-acting sequences asso-

ciated with telomere addition sites inOxytricha. We first examined cases where terminal MDSs are adjacent to each other. For 10,468

chromosome fragmentation sites < 5 bp away from the terminal MDS, the base composition flanking the fragmentation site reflects a

complementary pattern that was observed in subtelomeric regions of MAC chromosomes (Cavalcanti et al., 2004; Swart et al., 2013),

with a purine bias downstream of telomeres and a pyrimidine bias upstream (Figure S3A). When two terminal MDSs are close to each

other, the micronuclear region downstream of the fragmentation site for one nanochromosome locus is also the macronuclear-

destined subtelomeric region of another nanochromosome. To exclude overlapping signals, we examined 3,215 chromosome frag-

mentation sites that are > 100bp away from adjacent terminal MDSs. Notably, while the regions upstream of fragmentation sites

reflect the typical pyrimidine bias upstream of telomeres, there is still a dramatic purine bias in the MIC-limited regions downstream

of a fragmentation site (Figure S3B). We also examined 2,875 chromosome fragmentation sites next to internal MDSs. These cases

display a strong purine-to-pyrimidine bias downstream (Figure S3C). While motif finding algorithms failed to identify any significant

motifs in regions flanking fragmentation sites, it is possible that the sharp switch from pyrimidine-richness to purine-richness facil-

itates chromosome fragmentation via a signal in DNA or chromatin structure or by enhancing binding or recruitment of proteins

involved in fragmentation.

Approximately 10%ofOxytricha’s nanochromosomes are alternatively fragmented (Swart et al., 2013). We analyzed base compo-

sition flanking 3,195 alternatively fragmented sites and found a much weaker complementary sequence bias than non-alternatively
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fragmented sites (Figure S3D). This supports the hypothesis that fragmentation at these sites is less frequent because of a weaker

signal (Williams et al., 2002).

Analysis of Repeat Content and Transposable Elements
RepeatModeler (Smit andHubley, 2008–2010) was usedwith default parameters to identify de novo repetitive DNA regions in theMIC

genome. This program uses two de novo repeat finding programs RECON (Bao and Eddy, 2002) and RepeatScout (Price et al., 2005).

RepeatModeler generated a library of 398 consensus sequences. We then filtered out from this library repeats shorter than 100 bp or

having significant hits to known proteins in the NCBI nr protein database other than proteins known as belonging to transposable

elements (TEs).

The 301 remaining consensus sequences were annotated by a TBLASTX search against RepBase (Jurka et al., 2005), BLASTX to

theNCBI nr database (BLAST+ (Camacho et al., 2009), parameters: -query_gencode 6 -evalue 1e-7) and aHMMER (version 3.0) (Finn

et al., 2011) search against the Pfam-A profile HMMdatabase (version 26.0) (Punta et al., 2012). The consensus sequences were also

analyzed by Transposon-PSI (http://transposonpsi.sourceforge.net), a program that performs TBLASTN searches using a set of po-

sition specific scoring matrices (PSSMs) specific for different TE families. 31 consensus sequences were classified as TBE transpo-

sons; 3 as Helitrons, and 4 as LINE elements.

Another 3 consensus sequences contain DDE_Tnp_IS1595 protein domains. Two contain long terminal inverted repeats (261 and

116 bp) identified by the einverted program from the EMBOSS program suite (Rice et al., 2000) and have weak BLASTX hits to the

ISBun2 insertion sequence from the IS1595 family (E-value = 3e-6 and 7e-5, respectively) in ISfinder (Siguier et al., 2006). Thus we

classified them as insertion sequences (IS). The third consensus sequence is short (873 bp), lacking terminal inverted repeats and

ISfinder matches. These 3 consensus sequences use the Oxytricha genetic code and do not match bacterial sequences, so they

are not likely contaminants.

We also identified the twomost abundant classes of satellite repeats: a 380 bp satellite repeat and a 170 bp satellite repeat, both of

which have previously been characterized by hybridization (Dawson et al., 1984) but not sequencing. The remaining 252 consensus

sequences were not categorized.

The number of TE occurrences and the percent of genome coverage were assessed by masking the genome assembly using Re-

peatMasker (Smit et al., 1996–2010) with the 301 consensus sequences. We parsed the RepeatMasker output with several criteria: if

the repeat query was shorter than 500 bp, the length of the matched region had to be longer than 50 bp to be counted; if the repeat

query was longer than 500 bp, the length of the matched region had to be longer than 100 bp to be counted. RepeatMasker masked

35.9% of the genome assembly (Table S8).

To further classify TBE elements, we took the 42kDa transposases coding sequences from (Nowacki et al., 2009) and queried them

against theMIC genome assembly. Clustering 812 putative 42kDa transposase coding sequences in theMICwith USEARCH (Edgar,

2010) produced three families, corresponding to TBE1, 2 and 3.We extracted 22kDa and 57kDa genes encoded close to these 42kDa

transposases genes and queried their consensus sequences against the MIC assembly. The 888 22kDa genes clustered into three

families corresponding to TBE1, 2 and 3, while the 732 57kDa genes clustered into four families, corresponding to TBE1, two sub-

families within TBE2, and TBE3. Therefore, all TBE elements in theMIC genome can be classified into the three original families (with 2

subfamilies within TBE2). The three TBE families (TBE1, TBE2, and TBE3) have distinct terminal inverted repeats (the first 17 bp

sequence is always the Oxytricha telomeric repeat CA4C4A4C4).

We also looked for LINE elements and Helitrons in the ParameciumMAC genome assembly, as well as the TetrahymenaMAC and

MIC genome assemblies (GenBank accession: GCA_000261185.1) using Transposon-PSI (http://transposonpsi.sourceforge.net).

Genome Composition
We inferred the percentage of TBE, satellite repeats, other repetitive elements, and MIC-limited noncoding, non-repetitive regions in

the annotated assembly from the RepeatMasker output. We also used three other approaches to assess genome composition: Illu-

mina reads, error-corrected PacBio reads and fosmid end sequences (Figure S1; Table S8).

For Illumina reads, 12 million reads were randomly sampled and mapped with BLAT (-minIdentity = 98) to the MAC genome and

with BLASTN to MIC genome sequences masked by RepeatMasker as repetitive elements. The percentage of reads that mapped to

each category was calculated and plotted. For mapping against the MAC genome, we counted the length of covered nucleotides on

Illumina reads to avoid including IESs. Fosmid end sequences (one end randomly selected from each fosmid to avoid double sam-

pling) weremappedwith BLASTN to theMACgenome and toMIC repetitive regions, and analyzed in a similar way to Illumina reads to

infer genome composition. We randomly sampled 145,545 error-corrected PacBio reads and analyzed them with RepeatMasker

(Smit et al., 1996–2010) in a similar way to the assembly. These reads were also mapped with BLASTN to theMAC genome to assess

the percentage of nucleotides corresponding to MDS regions aligned with at least 98% identity.

For the portion of MDSs in the MIC genome, the genome assembly, Illumina reads and PacBio reads all give an estimate of�10%

(11.1%, 9.2% and 9.9% respectively), whereas 5.1%was estimated by the fosmid endmapping approach. These numbers fall in the

estimated range given by the original re-association kinetics study (2.4%�18%) (Lauth et al., 1976), though most literature cites this

paper and describes the MAC-destined portion of the MIC genome as 5%. In terms of repeat content, the MIC genome assembly

consists of 15.6%TBEs, 3.3% satellite repeats and 17.0%other repetitive elements (overall 35.9% repetitive). Illumina readmapping

suggests that the MIC genome consists of 15.0% TBEs, 17.9% satellite repeat and 14.3% other repetitive elements (overall 47.3%
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repetitive), while PacBio read analysis suggests that theMIC genome contains 15.2%TBEs, 10.3% satellite repeats and 15.2%other

repetitive elements (overall 40.7% repetitive). Mapping of fosmid end sequences, on the other hand, a much smaller sample, sug-

gests that the MIC genome comprises 8.4% TBEs, 64.6% satellite repeats and 4.5% other repetitive elements (overall 77.5% repet-

itive). As a result, the percentage of remainingMIC-limited noncoding non-repetitive regions differs noticeably (53% for the assembly,

43.5% for Illumina reads, 49.4% for PacBio reads and 17.4% for fosmid ends); however, thesemethods have their own biases, which

we discuss below.

The assembly is biased toward sequences that are more easily sequenced and assembled; hence it is more depleted of repetitive

elements, which will tend to collapse. TheMDS containing portion of theMIC genome is gene rich and also repeat-poor, which would

favor assembly, potentially inflating the percentage of MDSs in the assembly.

The fosmid-end Sanger sequencing approach is subject to cloning biases. AT-rich regions are recalcitrant to cloning (Eichinger

et al., 2005). In addition, the fosmids were constructed by natural breakage of long MIC DNA. Therefore, the fosmid ends may not

represent a random set of sequences from the genome, but rather regions that are prone to breakage, such as fragile sites. Further-

more, the sample size of the fosmid ends is small (178 end sequences, total 129kb sequenced, which is just�0.026% the size of the

assembly). The sequenced fosmid ends do not include any of the identifiedHelitrons, ISs and LINE elements and they also have poor

coverage of uncategorized repetitive elements (Table S8), suggesting too small a sample size to contribute to this assessment.

Without a more comprehensive genome sampling, it is difficult to conclude that 181 fosmid end sequences capture the true MIC

genome composition. Notably, however, 42 fosmids contain the same identical sequence repeat at both ends of their 40 kb insert

(21 fosmid contains the 380 bp repeat and 21 contain the 170 bp repeat). Though these fosmids could not be completely assembled,

it suggests the possibility that some 40 kb genomic regions could be complete concatamers of such repeats, suggesting the pres-

ence of large, repeat-dense regions of the genome.

The sampled Illumina reads (1.2Gb) and PacBio reads (1.1Gb) offer better coverage of the genome than the limited number of fos-

mid end sequences. Illumina sequencing can suffer from PCR biases against regions with high (>56%) or low GC content (<11%)

(Aird et al., 2011), but the GC content of the MIC genome falls in a range that is not typically strongly biased against (lowest GC:

IES regions �18%; highest GC: 170bp satellite repeat 52%). PacBio is reported to be the least biased among current sequencing

technologies (Ross et al., 2013), free from amplification bias and with the least GC bias. However, because PacBio reads were

error-corrected using Illumina reads, any bias in Illumina sequencing may have influenced corrected PacBio reads.

With these biases in mind, we infer from the four methods that approximately half or more of the MIC genome is comprised of re-

petitive elements and that the macronuclear-destined portion is as much as 10%.

We also assessed the fraction of IESs in the MIC genome. We calculated the MDS to IES ratio for 11,361 MAC chromosomal loci

whose MDS-IES structures are completely mapped and whose IESs do not contain MDSs for other MAC chromosomes. This

approach identified 31.5 Mb of MDSs and 13.6 Mb of IESs for this portion of the data. Therefore, we estimate that IESs occupy

approximately 43% as much space in the genome as MDSs. This implicates �4% of the MIC genome as IES, if MDSs represent

�10%.

Noncoding RNA Annotation
We searched the MIC assembly for ribosomal RNAs by performing BLAST searches against the small and large subunit ribosomal

RNA sequences downloaded from SILVA rRNA database (Pruesse et al., 2007). We used tRNAscan (Lowe and Eddy, 1997) with

default parameters to search for tRNAs. We also searched for other noncoding RNAs by running Infernal (version 1.1) (Nawrocki

et al., 2009) against Rfam (version 11.0) (Burge et al., 2013). These searches did not identify any significant MIC-limited ncRNAs.

Micronuclear Gene Prediction
RNA-seq data from (Swart et al., 2013) were previously obtained from cells collected at various time points (vegetative ‘‘fed’’ stage for

JRB 310 cells; 0, 10, 20, 40, 60 hr post mixing of starved, mating-compatible strains JRB310 and JRB510 for the conjugating time

series) and processed as described in (Swart et al., 2013). We eliminated all reads that mapped to the Oxytricha macronuclear

genome (Swart et al., 2013) (GenBank accession: AMCR00000000), the Oxytricha mitochondrial genome (Swart et al., 2012) (Gen-

Bank accession: JN383843) and the Chlamydomonas reinhardtii genome (Merchant et al., 2007) (version 4.0 - http://genome.jgi-psf.

org/Chlre4/download/Chlre4_genomic_scaffolds.fasta.gz). The remaining reads were assembled using SOAPdenovo-Trans (Li

et al., 2010) using a k-mer size of 25. We also assembled the RNA-seq reads with Trinity (Grabherr et al., 2011) using default param-

eters. The assembled transcripts by SOAPdenovo-Trans and Trinity were aligned to the genome and these transcript alignments

were further assembled using the PASA pipeline (Haas et al., 2003) to produce more complete transcript structures.

Gene predictions were produced by AUGUSTUS (version 2.5.5) (Stanke and Morgenstern, 2005) using transcripts provided by

PASA as hints for predictions. Hints were generated from the PASA output using a custom Python script. We used the Oxytricha

model that was previously trained for MAC genome annotation (Swart et al., 2013). By examining PASA transcript alignments, we

found relatively few intron-spliced genes in the MIC genome. To avoid over-prediction of introns, we changed 4 parameters in the

extrinsic evidence configuration file to restrict intron predictions to only those that were supported by hints, namely ‘intronpart malus’

was reduced from 1 to 0.7, ‘intron malus’ was reduced from 0.34 to 0.1, ‘intronpart bonus’ was increased from 1 to 1e20 and ‘intron

bonus’ was increased from 1e5 to 1e40. AUGUSTUS was run with–UTR = on and–alternatives- from-evidence = true. Gene models

predicted by AUGUSTUS were filtered to only include models supported by hints. Any predicted genes supported by fewer than
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5 RNA-seq reads were filtered out. Predicted coding sequences were clustered using CD-HIT (Fu et al., 2012) at 95% identity

(-c 0.95 -aS 0.9 -uS 0.1) to remove redundancy.

DNA sequencing reads that derive from the macronuclear genome (Swart et al., 2013), as well as macronuclear sequencing of the

JRB510 strain, were mapped to predicted coding sequences with BLAT (Kent, 2002) and filtered for > 94% identity. Any coding se-

quences that are more than 80% covered by MAC reads with more than 1x coverage were removed to filter out genes that are not

MIC-specific.

Predicted genes associated with repetitive regions were identified by comparing their sequences to repeat consensus sequences

generated by RepeatModeller and comparing their genomic locations with RepeatMasker output.

All predicted gene models were functionally annotated using BLASTP against the NCBI nr database (BLAST+ (Camacho et al.,

2009), parameters: -query_gencode 6 -evalue 1e-7) and a HMMER (version 3.0) (Finn et al., 2011) search with default parameters

against the Pfam-A profile HMM database (version 26.0) (Punta et al., 2012). The thresholds for considering domains were set as

independent E-value % 0.001 and conditional E-value % 0.1 for at least one domain match in potentially repeated domains.

Protein sequences of predictedMIC andMACgenesweremapped to the UniRef90 database (ftp://ftp.uniprot.org/pub/databases/

uniprot/uniref/uniref90/uniref90.fasta.gz) using BLASTP (BLAST+ (Camacho et al., 2009), parameters: -query_gencode 6 -evalue

1e-7) and then mapped to GO terms using the gene association file (ftp://ftp.geneontology.org/pub/go/gene-associations/

gene_association.goa_uniprot) through AutoFACT (Koski et al., 2005). GO term enrichment (Fisher’s Test) was performed with the

goatools Python module (https://github.com/tanghaibao/goatools/) using MIC genes as the test set and all Oxytricha genes (MAC

and MIC) as the reference-set (p value cutoff of 0.05).

RNA-seq reads from (Swart et al., 2013) were mapped to predicted coding sequences and the MAC genome using BLAT (Kent,

2002) and filtered with pslCDNAfilter (Karolchik et al., 2004) (minimum indentity > 0.92, min coverage > 0.8, max alignment = 3)

and normalized with DESeq (Anders and Huber, 2010) (the default method), as described in (Swart et al., 2013). To produce the

expression heat maps, for each MIC-encoded gene we calculated 100,000 3 normalized RNA-seq counts divided by the coding

sequence length. Expression patterns were clustered by the complete linkage clustering method and visualized as heat maps.

Proteomic Sample Preparation and Analysis by Mass Spectrometry
Exconjugant cells from a 40 hr post-mixing time point (grown and mixed as described in Fang et al. (2012) were harvested and

washed on 10 mMNytex filters as described in ‘‘Nuclei Isolation, DNAExtraction, and Illumina Sequencing’’ and their developingmac-

ronuclei were isolated by lysis and sucrose sedimentation through a 10%–40% discontinuous gradient as described above and in

Lauth et al. (1976). While conceptually similar to the MIC purification to isolate DNA, here we retained only the pellet after the 250

g, 10 min spin in a Sorvall SH3000. This pellet is enriched in developing macronuclei (anlagen) as well as parental (old) macronuclei

undergoing DNA degradation. The nuclear pellet was resuspended in a modified TMS buffer (as described in Zahler and Prescott,

1988): 0.01M Tris-Cl pH 8.0, 0.1M MgCl, 0.24M sucrose. The proteins from these resuspended nuclei were released upon snap-

freezing in liquid nitrogen and ethanol, followed by a room-temperature thaw and pipetting 30-40 times. These raw lysates were

cleared by centrifugation at 17,900 g for 2 min at 4�C and the supernatant was kept on ice and used for proteomic analysis.

Nuclear lysate was resolved by SDS-PAGE on a 4%–20% gradient Tris-glycine pre-cast gel from Thermo Scientific� until the dye

front hadmigrated approximately 1 cm into the gel. Following awater wash, the protein-containing region of the gel lanewas excised,

sliced into 16 uniform slices, and each slice was further sliced and diced into 1mm3 cubes, and dehydrated in acetonitrile. Gel pieces

were washed extensively, subjected to thiol reduction by Tris (2-carboxyethyl)phosphine hydrochloride) (TCEP), iodoacetamide thiol

alkylation, and overnight trypsin digestion in gel, following the methods of (Shevchenko et al., 2006). Peptides were eluted from the

gel pieces, concentrated, and then desalted using StageTip micro-scale reversed-phase chromatography (Rappsilber et al., 2003).

Peptides from each gel slicewere then subjected individually to reversed-phase nano-LC-MS andMS/MSperformed on an Easy nLC

1000 Ultra nano-flow capillary ultra-high performance liquid chromatography (UPLC) system (ThermoFisher Scientific) coupled to a

VelosPro-orbitrap Elite hybrid mass spectrometer (ThermoFisher Scientific) outfitted with a Flex ion source (Proxeon). Sample con-

centration and washing were performed online using a trapping capillary column (100 mm x ca. 40 mm, packed with 3 mm, 100 Å

Magic AQ C18 resin (Michrom)) at a flow rate of 4 mL/minute with 3X the sample injection volume. Separation was achieved using

an extended-length analytical capillary column (75 mm x ca. 45 cm, packed with 3 mm, 100 Å Magic AQ C18 resin (Michrom)), and

a linear gradient from 5% to 35% solutions A and B (solution A: 100% water/ 0.1% formic acid; solution B: 100% acetonitrile/

0.1% formic acid) applied over 180 min at a flow rate of approximately 300 nL/ minute. Nano-electrospray ionization was accom-

plished on the Orbi Elite platform at 2.4 kV using a capillary temperature of 275�C. Full-scan mass spectra were acquired in the Orbi-

trap in positive-ion mode over them/z range of 335–1800 at a resolving power of 120,000. MS/MS spectra were simultaneously ac-

quired using collision-induced dissociation (CID) in the VelosPro linear trap for the fifteen most abundant multiply charged species in

the full-scan spectrum having signal intensities of > 1000 NL. All spectra were acquired in profile mode. Dynamic exclusion was set

such that MS/MS was acquired only once for each species over a period of 120 s.

The resulting LC-MS/MS data were subjected to database searching and analysis using the framework of ProteomeDiscoverer

software (v. 1.4, ThermoFisher). The search was conducted using a workflow employing a Mascot search engine server module

(v. 2.4, Matrix Science) to search against an Oxytricha database consisting of protein sequences predicted to be encoded by the

MAC concatenated with those of the MIC. Mascot search parameters included an initial mass error of 6 ppm for the precursor

and 1.2 Da for the fragment ion species, % 2 missed trypsin cleavages, carbamidomethylation of cysteines as a fixed modification,
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with methionine oxidation and N-terminal protein acetylation as variable modifications. Aggregate search results were subjected to

statistical analysis and filtering to % 1% FDR on the peptide level using the Percolator support vector machine module (Käll et al.,

2007), which employs semi-supervised machine learning to dynamically discriminate between correct and incorrect spectral

matches, based on parameter optimization tominimize reversed-database decoymatches. Further posttranslationally modified pep-

tides were gleaned from the data by searches conducted against the same database and allowing for either lysine acetylation or

serine, threonine, or tyrosine phosphorylation as variable modifications. Additionally, modification of MIC-limited histones was deter-

mined through spectral matches to a MIC plus MAC histone database requiring no greater than 4 ppm error on the precursor m/z

measurement and allowing for% 8 missed trypsin cleavages, fixed cysteine carbamidomethylation, and variable methionine oxida-

tion,N-terminal protein acetylation, acetylation andmono-, di-, and trimethylation of lysine, andmono- and di-methylation of arginine

as variable modifications. All spectral matches were further filtered to only those of high confidence, which had a Mascot score

greater than or equal to 30, and a precursor species with a charge state of +2 to +4 within the mass range of 600-4,000 Da. Frag-

mentation spectral assignments were subject tomanual inspection and validation using ProteomeDiscoverer and the original tandem

mass spectra acquired in profile mode, using Xcalibur software (ThermoFisher).

Additional Analysis of MDSs, IESs, and Pointers and Comparison to Paramecium
MDSs, IESs and pointers are three different categories of sequences whose definitions depend on the somatic genome sequence.

Previously inferred properties of these sequences were based on a very small sample (Cavalcanti et al., 2005; Prescott, 1994; Pre-

scott and DuBois, 1996). Here we investigate their sequence features on a genome-wide scale.

Among previously known pointers in Oxytricha, the shortest are 2 bp (Prescott and DuBois, 1996). We searched the MIC genome

for the possible presence of shorter (1 or 0 bp) pointers and found a limited number of possible cases (882 and 330, respectively).

These could result from assembly errors in either the MAC or MIC genomes, be part of longer pointers containing mismatches, or

be explained by the occurrence of 0 bp MDSs (comprised of two tandem pointers with no intervening MAC sequence) that were

missed in the annotation due to their short length. Therefore, we excluded 1 or 0 bp pointers from this study.

Nonscrambled pointers longer than 3 bp have a strong preference for purines (especially A) at the 50 end and pyrimidines (espe-

cially T) at the 30 end (Figure S2F). The bias becomes weaker toward the center of IESs. For scrambled pointers longer than 3 bp

(Figure S2G), this bias is less prominent and only detectable at the first position at both ends. The sequence pattern could be a signal

that facilitates recognition of nonscrambled pointers during genome rearrangement, since nonscrambled pointers are shorter and

less GC-rich than scrambled pointers, and thus have lower sequence complexity.

The ends of all nonscrambled IESs in Oxytricha show a complementary base composition bias (Figure S2L). This pattern is also

observed inOxytricha scrambled IESs (Figure S2M) and Paramecium IESs (Figure S2N), though the base composition profiles differ.

Note that Parameium IESs are all nonscrambled and use TA as a universal pointer, whereas different pointers are used in Oxytricha

IESs. The complementary base biases might facilitate recognition by proteins involved in IES deletion (Arnaiz et al., 2012).

MDS sequences flanking pointers show a biased base composition. There is a strong increase in GC content at the twoMDS sites

immediately flanking pointers (a preference for C at the site upstream of the pointer and G at the site downstream of the pointer). This

is true for both nonscrambled (Figure S2O) and scrambled pointers (Figure S2P). This sequence pattern could be a signal that helps

mark the pointer-MDS boundary. A GC bias is also present in Paramecium (Figure S2Q) with an increase in G in the two sites up-

stream of the pointer and an increase in C in the two sites downstream of the pointer.

Paramecium MAC genome sequences containing IESs were downloaded from ParameciumDB (Arnaiz and Sperling, 2011):

http://paramecium.cgm.cnrs-gif.fr/download/fasta/archive/genes_with_IES/Ptetraurelia_genes_with_IES_v1.66.fasta.bz2. For

IESs, lowercase sequences were extracted excluding the TA pointer at both ends. For MDS-pointer junctions, 30 bp (all upper

case) flanking lowercase sequences were extracted.

Assessment of Macronuclear Contamination
Wemapped 80millionMIC reads to 107,787 sampled nonscrambledMDS-IES junctions and identified gapped alignments as poten-

tially contaminating MAC reads. Among 934,571 reads that mapped across MDS-IES junctions, only 5,482 (0.587%) mapped with

gaps corresponding to the IES length. Therefore, the level of MAC contamination is low.

Assessment of IES Excision Efficiency
Wemapped 68millionMAC sequencing reads (Swart et al., 2013) to 107,787 sampled nonscrambledMDS-IES junctions. 10,582,764

out of 10,591,570 mapped with gaps, suggesting removed IESs. Thus the IES excision efficiency appears high (99.9%), unlike in

Paramecium, where thousands of IESs were identified in MAC reads with �13X macronuclear sequencing coverage (Duret et al.,

2008). The retained IESs could also derive from trace amounts of micronuclear contamination in the MAC sequencing reads.
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Figure S1. Comparison of Genome Composition Inferred from Four Data Sources, Related to Figure 1

Data sources include (A) genome assembly, (B) Illumina reads, (C) error-corrected PacBio reads, and (D) fosmid end sequences. The ‘‘other repetitive’’ category

includes the LINES, Helitrons, ISs, and uncategorized repetitive elements.
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Figure S2. Pointers, MDSs, and IESs Have Distinct Sequence Properties, Related to Figure 2

(A) Length distribution of 157,648 pointers flanking nonscrambled MDSs (blue) versus 10,728 pointers flanking scrambled MDSs (red). Only pointers longer than

1 bp are shown.

(B) Sequence logo of all 2 bp pointers flanking nonscrambled MDSs (n = 17,430).

(C) 2 bp pointers flanking scrambled MDSs (n = 105).

(D) 3 bp pointers flanking nonscrambled MDSs (n = 24,741).

(E) 3 bp pointers flanking scrambled MDSs (n = 124).

(F) Base composition at the ends of all nonscrambled pointers > 3 bp (n = 115,477). The coordinate for each site is calculated from its nearest end. Positive

coordinates represent distance from the 50 end of the pointer, and negative coordinates represent distance from the 30 end.
(G) Ends of scrambled pointers > 3 bp (n = 10,499).

(H) Ends of Paramecium IESs (n = 44,928) downloaded from ParameciumDB (Arnaiz and Sperling, 2011) (TA pointer not included). The coordinate for each site is

calculated from its nearest end. Positive coordinates represent distance from the IES 50 end (first ten bp), and negative coordinates represent distance from the 30

end (last ten bp).

(legend continued on next page)
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(I) Base composition at ends of nonscrambled Oxytricha IESs flanked by a TA pointer (n = 16,184) (TA pointer not included).

(J) Ends of nonscrambled Oxytricha IESs with an ANT pointer (n = 13,162) (ANT pointer not included).

(K) Base composition of the first 17 sites of TBE terminal inverted repeats found in the MIC assembly (n = 9,884).

(L) Base composition of first and last 50bp of nonscrambled IESs (n = 157,228), excluding the pointer.

(M) Base composition of first and last 20 bp of scrambled IESs (n = 9,327).

(N) Base composition of first and last 50 bp of Paramecium IESs (n = 44,928).

(O) 60 bp surrounding the location of nonscrambled pointers in the MAC (n = 156,756). All pointers are compressed to one position 0 (with the average base

frequency shown at 0). Negative numbers represent 30 bp upstream of the pointer locations in theMAC and positive numbers represent 30 bp downstream of the

pointers.

(P) 60 bp surrounding scrambled pointers in the MAC (n = 10,703). (Q) 60 bp surrounding pointers in the Paramecium MAC (n = 44,928).
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Figure S3. Chromosome Fragmentation Occurs at Regionswith a Sharp Transition fromPyrimidine-Rich to Purine-Rich Sequences, Related

to Figure 4

Base composition flanking telomere addition sites. The �1 position is the telomere addition site. Negative coordinates represent sites upstream of telomere

addition sites; positive coordinates represent sites downstream of telomere addition sites.

(A) Base frequency of 100 bp flanking telomere addition sites < 5bp away from the neighboring terminal MDSs (n = 10,468).

(B) Base frequency of 100 bp flanking telomere addition sites > 100 bp away from the neighboring terminal MDSs (n = 3215).

(C) Base frequency of 100 bp flanking the telomere addition sites which are adjacent to an internal MDS (n = 2875).

(D) Base frequency of 100 bp flanking alternative fragmentation sites (n = 3195).
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Figure S4. Grouping of MIC-Limited Proteins by Protein Domains, Related to Figure 5

(A) Predicted MIC-limited genes.

(B) 208 MIC-limited genes validated by mass spectrometry (MS) - based proteomic analysis of 40hr nuclear lysate.

(C) Phosphorylated genes identified in 40hr MS data.

(D) Acetylated proteins identified in 40hr MS data. All groupings based on Pfam annotations of predicted domains.
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