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Ciliated protozoans perform extreme forms of programmed somatic DNA rearrangement during development. The
model ciliate Tetrahymena thermophila removes 34% of its germline micronuclear genome from somatic macro-
nuclei by excising thousands of internal eliminated sequences (IESs), a process that shares features with transposon
excision. Indeed, piggyBac transposon-derived genes are necessary for genome-wide IES excision in both Tetrahy-
mena (TPB2 |Tetrahymena piggyBac-like 2] and LIA5) and Paramecium tetraurelia (PiggyMac). T. thermophila has
at least three other piggyBac-derived genes: TPB1, TPB6, and TPB7. Here, we show that TPB1 and TPB6 excise a
small, distinct set of 12 unusual IESs that disrupt exons. TPB1-deficient cells complete mating, but their progeny
exhibit slow growth, giant vacuoles, and osmotic shock sensitivity due to retention of an IES in the vacuolar gene
DOP1 (Dopey domain-containing protein). Unlike most IESs, TPB1-dependent IESs have piggyBac-like terminal
inverted motifs that are necessary for excision. Transposon-like excision mediated by TPB1 and TPB6 provides di-
rect evidence for a transposon origin of not only IES excision machinery but also IESs themselves. Qur study
highlights a division of labor among ciliate piggyBac-derived genes, which carry out mutually exclusive categories of

excision events mediated by either transposon-like features or RNA-directed heterochromatin.
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Duality of germline and somatic functions can lead to dra-
matic differences in genome organization in germline ver-
sus somatic cells. In most organisms, germline genomes
can be thought of as the “master copy,” stably transmit-
ting genetic and epigenetic information across genera-
tions. In contrast, somatic genomes can be optimized for
expression and specialized function (Sabour and Scholer
2012). A classic example of specialized somatic function
driving genome rearrangements comes from vertebrate
lymphocytes, which undergo V(D]J gene rearrangements,
creating a remarkable diversity of T and B cells (Litman
et al. 2010). In contrast to these locus-specific rearrange-
ments, several vertebrate and invertebrate species exhibit
genome-wide rearrangements. Genome-wide rearrange-

SThese authors contributed equally to this work.

Corresponding author: mcyao@gate.sinica.edu.tw

Article is online at http://www.genesdev.org/cgi/doi/10.1101/gad.290460.
116.

ment is especially prevalent and well studied in ciliated
protozoa, such as Tetrahymena thermophila, in which in-
dividual cells possess both a germline and a somatic nu-
cleus. The germline “micronucleus” is transcriptionally
silent except during mating, whereas the somatic “macro-
nucleus” is transcriptionally active directing vegetative
growth. Like in other ciliates, T. thermophila mating trig-
gers degradation of the parental macronuclei and biogene-
sis of a new macronucleus via programmed genome
rearrangement. During the sexual process of conjugation,
the diploid micronucleus goes through meiosis, post-mei-
otic mitosis, and cross-fertilization to generate zygotic nu-
clei, which further divide and differentiate into new
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macronuclei and micronuclei of the progeny cell, while
the old macronucleus degrades (Yao et al. 2014). Pro-
grammed genome rearrangement in Tetrahymena in-
volves genome-wide deletion of thousands of segments
(internal eliminated sequences [IESs]) that together
make up ~34% of the micronuclear genome. After IES
elimination, the remaining macronuclear DNAs are frag-
mented at specific chromosome breakage sequences and
endoduplicated to generate ~67 copies of the somatic
macronuclear genome (Yao et al. 2014). Some of the re-
sulting minichromosomes are eliminated during subse-
quent vegetative growth (Lin et al. 2016).

Early studies in ciliates revealed that the DNA elimina-
tion process serves to remove transposons from the
somatic genome. For example, the “telomere-bearing ele-
ment” (TBE) in Oxytricha trifallax and the Tec element in
Euplotes crassus resemble Tcl/mariner transposons and
are present in thousands of copies in the micronucleus
but completely eliminated from the macronucleus (Jahn
et al. 1993; Doak et al. 1997). TBE transposases are re-
quired for this process (Nowacki et al. 2009). Transpo-
son-like elements are also present in Paramecium and T.
thermophila micronuclear genomes but eliminated from
macronuclear genomes (Klobutcher and Herrick 1995;
Patil et al. 1997). These findings led to a model in which
1ES deletion during programmed DNA elimination resem-
bles transposon excision (Klobutcher and Herrick 1997).

Despite its attractiveness, this model lacked experi-
mental evidence. For instance, Tetrahymena IESs lack
conserved sequence motifs akin to transposon ends that
could regulate deletion. In the few cases where sequence
determinants are known, IES-flanking rather than IES in-
ternal sequences regulate deletion boundaries (Godiska
and Yao 1990; Chalker et al. 1999). Furthermore, studies
in Tetrahymena and Paramecium revealed that IES exci-
sion occurs through RNA-induced heterochromatin for-
mation rather than via a transposition-like process
(Madireddi et al. 1996; Mochizuki et al. 2002; Yao et al.
2003; Betermier and Duharcourt 2014). In Tetrahymena,
dsRNA is transcribed from IESs during conjugation and
processed into ~27-nucleotide (nt) small RNAs called
scnRNAs (scan RNAs) (Chalker and Yao 2001; Malone
et al. 2005; Mochizuki and Gorovsky 2005; Woo et al.
2016). scnRNAs then interact with an Argonaute pro-
tein (Mochizuki et al. 2002) and target homologous IESs,
leading to histone modifications, including H3K9me3
and H3K27me3 (Taverna et al. 2002; Liu et al. 2007}, and
recruitment of chromodomain proteins Pddlp and
Pdd3p (Madireddi et al. 1996; Coyne et al. 1999; Nikiforov
et al. 2000) to form heterochromatin structures that
are then deleted. The IES elimination process therefore
appears to resemble genome surveillance systems that
repress transposons through small RNAs and hetero-
chromatin (Wheeler 2013) rather than a transposition
reaction.

The model in which transposon and IES excision are
functionally related was revived by the finding that “do-
mesticated” piggyBac genes play a key role in programmed
DNA elimination in Paramecium and Tetrahymena (Bau-
dry et al. 2009; Cheng et al. 2010; Chalker and Yao 2011;

Tpb1p excises exonic IESs in Tetrahymena

Dubois et al. 2012; Vogt and Mochizuki 2013). In Tetrahy-
mena, the TPB2 (Tetrahymena piggyBac-like 2) gene arose
via ancient capture of a piggyBac-like element by the cili-
ate host genome. Although the transposase-encoding ORF
and its catalytic residues have been preserved, other trans-
position-associated features, including terminal inverted
repeats (TIRs), have been lost. Following domestication,
introns and additional protein-coding sequence were ac-
quired by TPB2. The encoded protein Tpb2p plays a key
role in heterochromatin-dependent IES excision (Cheng
etal. 2010), suggesting that TPB2 evolved to target and ex-
cise heterochromatin instead of TIRs, retaining ancestral
excision activity. Using this altered targeting, Tpb2p me-
diates excision of IESs that do not resemble transposons.
Following TPB2-mediated excision, flanking DNA is re-
joined by nonhomologous end-joining mediated partly by
Ku80 (Lin et al. 2012).

A subsequent study found that another domesticated
transposase gene, LIA5, is also involved in RNA-mediated
heterochromatin formation during programmed DNA
elimination (Shieh and Chalker 2013). The discoveries of
TPB2 and LIAS in Tetrahymena and PiggyMac in Parame-
cium provided a link between transposon excision and IES
elimination. However, they also challenged a direct con-
nection between the two mechanisms because the exci-
sion machinery seems to recognize heterochromatin
rather than transposon-like cues. We speculated that
studying additional domesticated piggyBac genes might
reveal the missing evolutionary link between transposons
and IESs. Indeed, the T. thermophila genome contains
three more domesticated piggyBac genes of unknown
function: TPB1, TPB6, and TPB7 (Supplemental Table
S1; Supplemental Figs. S1, S2). We focused on TPBI and
TPB6, which encode proteins with a piggyBac-derived
transposase domain (with predicted intact catalytic activ-
ity) and a Ku homology domain, suggesting that Tpblp
and Tpb6p might have fused the excision and repair func-
tions necessary for programmed DNA elimination.

In this study, we undertook a detailed functional analy-
sis of TPB1. We found that TPB1 plays an active role in
programmed DNA elimination but does not participate
in the vast majority of excision events. Instead, TPB1 defi-
ciency during mating results in failure to remove 20 re-
gions from the macronuclear genome, 12 of which are
clearly defined IESs that interrupt protein-coding exons.
One of these retained IESs disrupts the DOPI (Dopey
domain-containing protein) gene, causing deleterious ef-
fects in TPB1-deficient progeny. Many of these defects
can be rescued by artificially excising the DOP1 IES. In-
triguingly, unlike most Tetrahymena IESs, TPB1-depen-
dent IESs have highly conserved terminal sequences that
resemble piggyBac TIRs. We show that these IESs are ex-
cised efficiently and precisely and that their TIRs are nec-
essary to direct excision. We further show that a related
gene, TPB6, also helps mediate excision of the same sub-
set of IESs. Thus, although minor in fraction, TPBI- and
TPBé6-dependent IESs represent the most direct evidence
for the evolution of programmed DNA elimination from
ancestral transposon excision. Our study reveals that Tet-
rahymena uses dual means to eliminate IESs, whereby
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some are excised through TPB1, TPB6, and transposon-
like TIRs, whereas others require TPB2 and heterochro-
matin-based cues.

Results

TPBI1 is important for progeny fitness

To determine TPB1’s function, we first used quantitative
RT-PCR (qRT-PCR) to examine whether its expression
pattern was consistent with a role in programmed DNA
elimination. We found that TPB1 is highly transcribed
only at late stages of conjugation, coincident with DNA
rearrangements in developing new macronuclei (Fig. 1A)
and similar to the pattern described for TPB2 (Cheng
et al. 2010).

We next examined the consequences of depleting TPB1
using cadmium-inducible hairpin RNA (RNAi) knock-
down, achieving >80% reduction of TPBI transcripts
(Supplemental Figs. S3A, S4). Reducing or eliminating
TPB1 expression during vegetative growth did not affect
cell morphology or growth rates, as expected given the
lack of expression at this stage. Depleting TPBI during
mating also did not impair conjugation or progeny produc-
tion. However, progeny of TPBI1-deficient cells manifest
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Figure 1. TPBI deficiency leads to defects in progeny after mat-
ing. (A) TPB1 expression, as measured by qRT-PCR, is induced
during meiosis and is highest 8-12 h after mating, coincident
with programmed DNA rearrangement (Austerberry et al. 1984).
RNA samples were extracted from vegetative (V), starved (S),
and conjugating cells (2-20 h after mixing). (B) TPB1 knockout
progeny (left panel) display a large vacuole defect. (C) TPB1 knock-
down progeny have reduced survival after osmotic shock. Values
represent the mean of three independent cell stocks. Error bars rep-
resent SD. (D) TPB1 knockout progeny (red) show dramatic growth
defects compared with two wild-type strains (black and gray).
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severe defects, including a “giant vacuole” phenotype
(Fig. 1B). TPB1-deficient progeny contain one very large
vacuole that can occupy more than half of the cytoplasm
and lack typical contractile vacuoles (CVs) (Patterson and
Sleigh 1976). We speculated that the large vacuoles are en-
larged CVs: By observing live cells, we observed fusion of
multiple small vacuoles to form a central large vacuole
that eventually contracted and emptied to complete a
very slow contraction cycle (several minutes vs. <10 sec
in wild-type cells) (Supplemental Movies S1-S3). Because
one function of CVs is osmoregulation, we measured via-
bility after osmotic shock. Whereas wild-type cells sur-
vived osmotic stress well, TPB1-deficient progeny had
drastically reduced survival (Fig. 1C).

TPB1-deficient progeny grew slowly compared with
wild-type cells, were unable to reach the same density
(Fig. 1D), and showed impaired mating pair formation. De-
spite these severe defects, TPBI depletion still yields a
much milder phenotype than TPB2 depletion. Previously,
we found that progeny of TPB2-depleted matings were
completely inviable; cells arrested during late conjuga-
tion, failed to completely differentiate new macronuclei,
and died (Cheng et al. 2010). This suggested that TPB1I ei-
ther participates in a distinct process from TPB2 or has a
weaker contribution to the same process.

We replicated our TPB1 knockdown findings using a
knockout strategy in which TPB1 and flanking sequences
were replaced with a neomycin resistance gene in the
macronuclear and micronuclear genomes (Supplemental
Fig. S3B). Subsequent examination of knockout break-
points revealed that TPB1 was knocked out along with
neighboring gene TTHERM_00309880A, which is ex-
pressed only weakly in vegetative stages, with slightly in-
creased expression during conjugation. We found that
knockdown and knockout strategies resulted in very sim-
ilar phenotypes. We confirmed that expression of the
neighboring gene was unaffected in our knockdown
strains (Supplemental Fig. S4) and concluded that the de-
fects that we saw in both strains were due solely to
TPB1 deficiency and not the neighboring gene. We there-
fore used knockout as well as knockdown strategies for
further studies of TPB1.

TPBI1 performs a specific, not global, role in IES
elimination

Our results showed that TPB1 is dispensable during vege-
tative growth but is critical for producing healthy progeny
through conjugation. Since TPB1 is related to TPB2, we
speculated that TPB1 controls IES excision during develop-
ment of the new macronucleus, like TPB2. We therefore
analyzed TPB1-deficient progeny for deletion of two
well-studied IESs, the M and R elements (Fig. 2D; Supple-
mental Fig. S5). Although these IESs fail to delete upon
TPB2 depletion, they deleted normally in TPB1-deficient
progeny. This suggested that TPB1 depletion does not re-
sult in a gross defect in DNA deletion, which may explain
its milder phenotype compared with TPB2. Nevertheless,
we hypothesized that TPB1 is important for deletion of a
subset of IESs; their retention could impact nearby genes,
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Figure 2. Specific genomic regions fail to excise in TPBI1-defi-
cient progeny. (A) TPB1-deficient progeny show no global IES ex-
cision defects. Using deep genomic sequencing, we identified
“interesting” regions that were efficiently deleted in our refer-
ence sample (pooled wild-type progeny) but retained in each of
the other samples (Materials and Methods). Surprisingly, individ-
ual wild-type strains (black bars) failed to delete many regions
compared with the wild-type pool. TPB1-deficient clonal (white
bars) and pooled (gray bar) progeny failed to delete a number
and total size of regions comparable with wild-type cells. (B)
Twenty regions fail to excise in TPB1-deficient cells. Genomic
coverage in the DOP1 gene is depicted, showing that an IES in
exon 3 is precisely excised in wild-type cells but fails to be excised
in all TPB1-deficient samples. Also indicated (“motifs”) are TIRs
that mark TPB1-dependent IESs (red arrows). (C) PCR assays us-
ing primers flanking five TPB1-dependent regions (N, C, E, and
O and the LIA2 IES) reveal precise excision (“IES—") in wild-
type progeny and the progeny of cells in which TPB1 knockdown
is not induced. However, in the progeny of TPB1 knockout cells
and of cells in which TPB1 knockdown was induced by cadmium,
IESs were retained (“IES+”). Expected product sizes are shown at
the right ([IES+] micronuclear form; [I[ES—] macronuclear form).
(D) TPB1 and TPB2 mediate excision of at least partially nonover-
lapping sets of IESs. IESs in the N, G, and O regions fail to excise
when TPB1 knockdown is induced by cadmium (IES+) but are
properly excised in progeny of wild-type cells, TPB2 knockdown
cells, and cells in which TPB1 knockdown is not induced (IES—).
In contrast, excision of the M, R, and Cam clements is severely
impaired upon TPB2 knockdown but unaffected in TPB1 knock-
down cells. The M element undergoes variable excision in wild-
type cells: Some cells delete 0.6 kb (IES-1), and others delete 0.9
kb (IES-2). Samples are labeled above gel images. (+) The presence
of cadmium to induce knockdown; (—) the absence of cadmium to
induce knockdown.

Tpb1p excises exonic IESs in Tetrahymena

potentially explaining the TPB1-deficient phenotype (Fig.
1).

To address this possibility, we performed genome-wide
analysis of TPB1-deficient progeny using deep genomic se-
quencing. We analyzed a pool of TPB1 knockdown proge-
ny and a pool of wild-type cells after the completion of
conjugation as well as three clonal wild-type strains and
three clonal TPB1 knockout progeny lines. After mapping
reads to the micronuclear reference assembly (Hamilton
et al. 2016), we examined depth of coverage in each sam-
ple. Treating the wild-type pool as a “reference” sample,
we looked for regions with low coverage in the wild-type
pool and high coverage in other samples (Materials and
Methods). Such regions represent those that successfully
delete in most cells in the wild-type reference pool but
fail to delete in another sample.

To our surprise, we found a large number of regions that
apparently failed to delete even in one or more of the three
clonal wild-type strains (Fig. 2A). The number and total
extent of such regions vary widely among the three wild-
type strains (293-953 regions; 44-203 kb in total). Upon
closer examination (Supplemental Fig. S6), we found
that some of these regions reflect variation in IES boun-
dary usage, as seen for the well-studied M element, where
some cells delete a 0.6-kb region and others delete 0.9 kb
(Godiska and Yao 1990). However, in other regions, an
IES appears to completely fail to delete in one or more
strains. It is possible that some apparently variable regions
may represent copy number polymorphisms among wild-
type strains: An in-depth study of wild-type variation is
needed to explore this possibility. No regions verifiably
failed to delete in all three wild-type clones, but we note
that because we compared coverage of each sample with
a wild-type pool, we could not identify regions that might
delete inefficiently in the wild-type pool. A recent study
(Hamilton et al. 2016) also reported widespread heteroge-
neity in IES excision, with many IES boundary positions
varying by 1-20 base pairs (bp); the variation that we
were able to detect spans larger genomic extents (>100 bp).

We found no evidence for a gross defect in IES removal
in TPB1 mutant cells, which fail to excise a number and
total size of regions similar to wild-type cells (Fig. 2A),
suggesting that overall rearrangement efficiency is unaf-
fected. We next searched for genomic regions that have
an “all or nothing” dependence on TPBI, failing to be
eliminated in all TPB1 mutant samples but in none of
our wild-type samples or the wild-type line used for the
macronuclear genome assembly (Eisen et al. 2006). Con-
sistent with our hypothesis, we initially found 16 regions
that may depend on TPBI for removal (Fig. 2B; Supple-
mental Table S2; Supplemental Fig. S7).

We examined each of these 16 putative TPBI-depen-
dent regions in detail (Supplemental Fig. S7; Supplemen-
tal Table S2). In eight cases, the region represents an IES
that is reliably deleted in a stereotyped manner in wild-
type cells but completely fails to delete in TPB1-deficient
cells. A ninth case (region LM) (Supplemental Fig. S7C)
represents an IES that completely deletes in a canonical
fashion in wild-type cells, whereas TPB1-deficient sam-
ples delete smaller segments and retain most of this IES.
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We classify these nine cases as “high confidence” TPB1-
dependent IESs. Although the other seven regions also
show differences between wild-type and TPB1-deficient
cells, their status is much less clear cut because we ob-
served variation of neighboring sequences among wild-
type cells (regions I and J) and/or because analysis of
TPB1-deficient pool data suggests that a significant frac-
tion of cells in the pool successfully deleted the region (re-
gions J, Q, V, W, Y, and Z). Furthermore, in most of these
less clear-cut cases, assembly gaps and/or errors in the
micronuclear reference genome preclude understanding
the structure of even wild-type excision events. We there-
fore focused our analysis on the nine high confidence
TPB1-dependent IESs.

To our surprise, all nine high confidence IESs directly
interrupt protein-coding exons (Supplemental Table S2;
Supplemental Fig. S7). A recent genome-wide study found
that only six of ~12,000 Tetrahymena IESs interrupt exon-
ic sequences (Hamilton et al. 2016), including one in the
LIA2 gene (Yao et al. 2007; Fass et al. 2011; Motl and
Chalker 2011). We wondered whether the LIA2 IES was
TPB1-dependent. Although we could not initially analyze
the LIA2 IES because it lies within a gap in the micronu-
clear reference genome assembly, we were successful
using another approach. We generated an alternative de
novo assembly using sequence reads from TPB1-deficient
cells and repeated our search for TPB1-dependent regions
(see the Materials and Methods). Using this method, we
found three additional high confidence TPB1-dependent
IESs (regions R, S, and T) (Supplemental Table S2; Supple-
mental Fig. S7), including the LIA2 IES, to yield a total of
12 high confidence TPB1-dependent IESs and one new am-
biguous case (region AA). All three new high confidence
IESs are within gaps in the micronuclear assembly. They
reliably delete in a stereotyped manner in wild-type cells,
completely fail to delete in TPB1-deficient cells, and inter-
rupt genes. We further examined the six known exon-in-
terrupting IESs identified in a recent genome-wide
analysis (Hamilton et al. 2016): All six are among the
TPB1-dependent IESs that we found. With a total of 12
exon-interrupting IESs, our study doubles the number of
known examples of this IES class and suggests that TPB1
is necessary for removal of all exon-interrupting IESs.

The 12 high confidence TPB1-dependent IESs are
diverse in size (136 to ~4200 bp) (Supplemental Table
S2), but are generally smaller than other IESs (median
419 bp, compared with 2947 bp; P < 10~°, Wilcoxon test).
They interrupt 11 protein-coding genes; two IESs inter-
rupt the same exon of a MIZ zinc finger gene (regions E
and S). There is no obvious functional connection among
all 11 genes, although two likely have vacuolar function
(see below), and two (regions C and F) are paralogs of one
another. Interestingly, the IESs in these paralogous genes
are not in the same relative positions, suggesting that IESs
inserted independently in these genes. Furthermore, four
IESs contain internal transcripts, none of which has func-
tional annotations. We note that the TPB1-dependent re-
gions that we identified are the most obvious defects
associated with TPB1 deficiency. If more subtle effects ex-
ist, such as reduced excision efficiency of some IESs, they
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would be difficult to detect above the surprising level of
wild-type variation.

We validated five TPB1-dependent IESs using PCR in
wild-type and mutant cells (Fig. 2C), confirming that their
excision depends completely on TPB1. We further tested
whether TPB2 is required for excision of five TPB1-depen-
dent IESs. Surprisingly, excision of three of five TPB1-de-
pendent IESs appears to be unaffected in the progeny of
TPB2-depleted cells in a PCR assay (N, G, and O regions)
(Fig. 2D). For the other two TPB1-dependent IESs, we ob-
served partial retention in TPB2-depleted cells (Supple-
mental Fig. S8), suggesting that some TPBI-dependent
IESs might also require TPB2. Alternatively, this partial
retention may reflect the fact that TPB2-deficient cells ar-
rest during conjugation, before TPB1-mediated rearrange-
ment is complete. At the very least, our findings suggest
that for some IESs, TPB1 and TPB2 activities are mutually
exclusive.

Failure to excise the DOP1 IES results in large vacuoles

We investigated whether any of the TPB1-dependent IESs
caused the “giant vacuole” phenotype and lower fitness of
TPB1-deficient progeny (Fig. 1). All 12 high confidence
TPB1-dependent IESs interrupt genes, and their retention
would truncate or alter the interrupted proteins to varying
extents (Supplemental Table S2). Two of the interrupted
genes were excellent candidates to explain the large vacu-
ole defect. The first candidate that we tested was VMA4
(vacuolar ATP synthase subunit E) (Ho et al. 1993), which
is expressed during vegetative growth. A 1775-bp TPB1-
dependent IES interrupts VMA4 13 nt after the start codon
(Supplemental Fig. SOA). We predicted that IES retention
would separate the body of the VMA4 gene from its pro-
moter and start codon, entirely disrupting function. Unex-
pectedly, the expression level and length of the VMA4
mRNA are similar in TPBI-deficient and wild-type cells
(Supplemental Fig. S9B,C), implying a new promoter and
transcription start site (TSS) within the IES. Using 5
RACE in TPB1-deficient cells, we indeed found that the
IES encodes an alternative TSS, 5 untranslated region
(UTR), and in-frame start codon. Thus, failure to excise
the IES results in replacement of the first five amino acids
with an alternative seven-amino-acid sequence without
affecting the rest of VMA4 (Supplemental Fig. SOD).

We investigated whether this subtle N-terminal change
affects Vmadp function, possibly through a dominant-
negative effect (Supplemental Figs. S3, S9). We tested
this by introducing an IES-retaining copy of VMA4 into
wild-type cells; this did not recapitulate the vacuole phe-
notype, ruling out a dominant-negative effect. We also at-
tempted to rescue the vacuole phenotype by introducing
a “prerearranged” gene (VMA4 with IES removed) into
TPB1-deficient cells. Even after complete genomic re-
placement of all macronuclear copies (Supplemental Fig.
S9D), this did not rescue the vacuole phenotype. There-
fore, failure to remove the TPB1-dependent IES in VMA4
does not explain the phenotypes of the TPBI-deficient

progeny.


http://genesdev.cshlp.org/lookup/suppl/doi:10.1101/gad.290460.116/-/DC1
http://genesdev.cshlp.org/lookup/suppl/doi:10.1101/gad.290460.116/-/DC1
http://genesdev.cshlp.org/lookup/suppl/doi:10.1101/gad.290460.116/-/DC1
http://genesdev.cshlp.org/lookup/suppl/doi:10.1101/gad.290460.116/-/DC1
http://genesdev.cshlp.org/lookup/suppl/doi:10.1101/gad.290460.116/-/DC1
http://genesdev.cshlp.org/lookup/suppl/doi:10.1101/gad.290460.116/-/DC1
http://genesdev.cshlp.org/lookup/suppl/doi:10.1101/gad.290460.116/-/DC1
http://genesdev.cshlp.org/lookup/suppl/doi:10.1101/gad.290460.116/-/DC1
http://genesdev.cshlp.org/lookup/suppl/doi:10.1101/gad.290460.116/-/DC1
http://genesdev.cshlp.org/lookup/suppl/doi:10.1101/gad.290460.116/-/DC1
http://genesdev.cshlp.org/lookup/suppl/doi:10.1101/gad.290460.116/-/DC1
http://genesdev.cshlp.org/lookup/suppl/doi:10.1101/gad.290460.116/-/DC1
http://genesdev.cshlp.org/lookup/suppl/doi:10.1101/gad.290460.116/-/DC1
http://genesdev.cshlp.org/lookup/suppl/doi:10.1101/gad.290460.116/-/DC1
http://genesdev.cshlp.org/lookup/suppl/doi:10.1101/gad.290460.116/-/DC1
http://genesdev.cshlp.org/lookup/suppl/doi:10.1101/gad.290460.116/-/DC1

We next examined another TPB1-dependent IES-con-
taining candidate gene: DOPI. DOP1 is part of a small
gene family that is widely conserved across eukaryotes
(Rachidi et al. 2005). Fungal orthologs are essential for vi-
ability and proper cellular morphology (Pascon and Miller
2000; Barbosa et al. 2010), and mutation of a rat ortholog,
Dopeyl, causes abnormal vacuoles in neurons (Tanaka
etal. 2014). In Tetrahymena, a TPB1-dependent IES inter-
rupts the DOP1-coding region (Figs. 2B, 3A). IES retention
would introduce premature stop codons, resulting in the
absence of full-length Doplp. We found that DOPI
mRNA expression is greatly reduced in TPBI-deficient
progeny (Fig. 3B), suggesting that IES-containing DOPI
transcripts are degraded or that the transcript is severely
3’-truncated.

To test DOP1’s role in the vacuole phenotype, we
knocked down DOPI in wild-type cells. Remarkably,
knocking down DOP1T alone was sufficient to elicit a large
vacuole phenotype (Fig. 3C) similar to that of TPB1-defi-
cient progeny (Fig. 1B). We then tested the effects of rescu-
ing DOP1 expression in TPB1-deficient progeny, replacing
DOP1 with a “prerearranged” version (IES removed) (Sup-
plemental Figs. S3, SIOA). Upon DOP1 rescue, large vacu-
oles disappeared (Fig. 3D), and the contraction cycle was
restored (Supplemental Movie S4). Even partial DOP1 res-
cue (the macronucleus has ~67 copies of most genes) is
sufficient for rescue (Supplemental Fig. S1I0B).

We next tested whether “fixing” DOP1 corrected all
phenotypes of TPB1-deficient progeny. Indeed, slow
growth rate and osmotic shock sensitivity were also large-
ly corrected by DOP1I rescue (Fig. 3E,F). Although TPB1-
deficient progeny cannot form mating pairs efficiently, re-
storing DOP1 also rescued this defect in mating pair for-
mation (mating initiation). However, repairing DOPI
did not rescue the ability to complete mating and produce
healthy progeny: Only ~10% of progeny survive com-
pared with 80%-90% in wild-type matings. We attribute
this defect to retention of one or more of the other 11
gene-disrupting TPB1-dependent IESs. Together, our re-
sults demonstrate that retention of the DOPI IES results
in the large vacuoles associated with TPB1 deficiency
but does not explain all TPB1 phenotypes. Thus, multiple
TPB1-dependent IESs must be excised for full fitness.

TPB1-dependent IESs resemble piggyBac transposons

TPB1-dependent IESs are already different from most IESs
because of their location in protein-coding exons. We
wondered whether they have other unique features. We
examined whether TPBI1-dependent IESs form hetero-
chromatin like other IESs, recruiting proteins such as
Pddlp (Kataoka and Mochizuki 2015). Upon analyzing
H3K9me3, H3K27me3, and Pdd1p occupancy using pub-
lished ChIP-seq (chromatin immunoprecipitation [ChIP]
combined with high-throughput sequencing) data
(Kataoka and Mochizuki 2015; Kataoka et al. 2016}, we
found much lower occupancy of all three proteins in
TPB1-dependent IESs than other IESs (Fig. 4B). We then
examined three TPB1-dependent IESs in PDD1 knockout
cells and in cells knocked out for the Argonaute-related
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Figure 3. IESretention in DOP] explains the vacuole phenotype
of TPB1-deficient cells. (A) Schematic of DOP1 gene, showing
coding exons (yellow) and the TPBI-dependent IES (blue) inter-
rupting exon 3. White arrows show qRT-PCR primers (shown
in B). (B) DOP1 expression in vegetatively growing cells is dra-
matically reduced in TPB1 knockdown progeny, as measured by
qRT-PCR. (C) DOP1 knockdown (left panel) results in a large
vacuole phenotype. (D-F) Compared with TPB1-deficient cells,
DOPI1-rescued (but still TPB1-deficient) cells no longer display
large vacuoles (D, left), slow growth (E), or osmotic shock sensi-
tivity (F). Values represent the mean of three independent cell
stocks. Error bars represent SD.

gene TWI1. Most IES deletions are blocked in these mu-
tants (Mochizuki et al. 2002), but the TPB1-dependent
IESs that we tested delete normally (Fig. 4A). We also ex-
amined published data for scnRNAs (Schoeberl et al.
2012), the small RNAs that help recruit heterochromatin
at most IESs; TPB1-dependent IESs were not enriched for
scnRNAs (Fig. 4C). Together, these data suggest that
TPB1-dependent excision does not depend on scnRNA-di-
rected heterochromatin in the same way as TPB2-depen-
dent excision does.

We next looked for conserved sequence features in
TPB1-dependent IESs. We searched for sequence motifs
at IES boundaries that could represent TPB1 recognition
sites. Using the MEME algorithm, we found that all 12
high confidence TPB1-dependent IESs contain a charac-
teristic 12-bp motif present at both IES boundaries in in-
verted orientations (Fig. 5A; Supplemental Fig. S7),
much like transposon TIRs. We wondered whether a
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Figure 4. Differences between TPB1- and TPB2-dependent IESs.
(A) TPB1-dependent IESs (regions N, G, and O) are excised effi-
ciently in cells knocked out for TWI1, an Argonaute-related pro-
tein necessary for small RNA-directed heterochromatin
formation at IESs, and in cells knocked out for PDD1, a protein
that recognizes heterochromatin at IESs and is necessary for their
removal. In contrast, excision of two TPB2-dependent IESs (M
and R elements) is mostly blocked in TWI1 and PDD1 knockouts
(the presence of IES— PCR products likely results from the contin-
ued presence of parental cells in the late mating pools used). TPB1
and TPB2 knockdown cells described in Figure 2D were also an-
alyzed here for comparison. (B) Most IESs excise via an RNA-di-
rected heterochromatin pathway, which depends on H3K9me3
and H3K27me3 accumulation at IESs and recruitment of hetero-
chromatin proteins such as Pdd1p, but TPB1-dependent IESs ap-
pear to be excised independently of this pathway. Indeed,
analysis of published ChIP-seq data shows that H3K9me3,
H3K27me3, and Pddlp are enriched on most IESs but not
TPB1-dependent IESs. Box plots show the distribution of ChIP:in-
put ratios for each IES. Thick horizontal lines show medians of
each distribution, the open box covers the middle two quartiles,
and circles represent outliers. (C) Similarly, scnRNAs are en-
riched at most IESs but not at most TPB1-dependent regions.

pair of motifs with suitable orientation and distance was
sufficient to define TPB1-dependent IESs in the Tetrahy-
mena genome. We searched the micronuclear reference
assembly and found 127 motif pairs with appropriate rela-
tive orientation and distance (Materials and Methods). As
expected, these 127 motif pairs included the nine TPBI-
dependent IESs that do not have assembly gaps at their
boundaries. The remaining 118 pairs did not delineate
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IESs even in wild-type cells, suggesting that additional de-
terminants of TPB1-dependent excision exist outside the
12-bp TIRs.

We noticed that the motif that we identified is similar
to the TIR motif of Bombyx mori piggyBac elements (P
<0.0002, TOMTOM motif comparison) (Fig. 5A), which
is recognized by the piggyBac transposase for excision
(Xu et al. 2006). This high similarity likely reflects the
evolutionary origins of TPB1 as a domesticated piggyBac
transposase. It further suggests that these 12 IESs are rem-
nants of ancient transposon insertions.

To determine the significance of the TIRs in TPB1-de-
pendent IESs, we used an rDNA vector (Chalker et al.
1999 to test cis-acting requirements for excision of the
IES within VMA4. We inserted the entire IES (including
TIRs, all internal sequences, and 20 bp of flanking se-
quences) in the rDNA vector, delivered it to conjugating
cells before DNA deletion occurred, and analyzed IES ex-
cision in the progeny. Excision occurred precisely and
nearly completely, indicating the robustness of this sys-
tem (Fig. 5B). However, deleting either copy of the 12-bp
TIR abolished deletion, indicating that the TIRs are neces-
sary cis-acting sequences. Substituting only 3 bp of one
TIR also abolished deletion, further establishing the im-
portance of this sequence. Moving one copy of the TIR
into the internal region of the IES was not sufficient to
cause deletion from the new location or any other boun-
dary, suggesting that additional sequences are necessary
to direct deletion (Fig. 5B). This dependence on TIRs fur-
ther distinguishes TPB1-dependent IESs from most other
IESs, which are excised by TPB2 and have no essential
shared boundary or internal sequences: Their excision is
instead guided by scnRNAs and heterochromatin.

To further dissect the cis-acting requirements for TPB1-
dependent excision, we assayed an artificial test IES using
the same rDNA vector. This test IES comprised a segment
of the GFP gene or the Tetrahymena macronuclear gene
TTNZ as an internal “cargo” sequence bounded by the
12-bp TIRs from the VMA4 IES with various amounts of
adjacent IES external and IES internal sequences (Fig.
5C). We found that a construct comprising only the
12-bp TIRs and cargo (TIR12) is insufficient to direct dele-
tion, further supporting our model that appropriately ar-
ranged TIR motif pairs are insufficient to define TPBI-
dependent IESs. Including 3 bp of flanking sequences
and 25 bp of adjacent IES internal sequences (TD40) mod-
estly improved excision frequency to 10%. However, in-
creasing IES internal sequences to 45 bp (TD60) yielded
near-complete deletion. These analyses showed that
TPB1-dependent IESs are recognized through 45- to 60-
bp terminal sequences, including the shared TIRs, but
that additional IES internal sequences are dispensable
for TPB1-dependent excision.

TPB6 cooperates with TPBI1 to mediate transposon-like
excision of some IESs

Our finding that TPB1 and TPB2 mediate excision of dif-
ferent subsets of IESs explains their evolutionary mainte-
nance in Tetrahymena genomes. We wondered whether
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Figure 5. Transposon-like TIRs direct excision of TPB1-depen-
dent IESs. (A) All 12 TPB1-dependent IESs have a characteristic
boundary motif similar to TIRs of Bombyx mori piggyBac (P <
0.0002, TOMTOM motif comparison). (B) The TIRs are necessary
to direct TPBI-dependent IES excision. We inserted the entire
TPBI1-dependent IES from the VMA4 gene—including TIRs (red
arrows), 20-bp flanking sequences (black lines), and internal IES
sequences (blue box}—into an rDNA vector. We introduced con-
structs into wild-type cells, allowed them to go through conjuga-
tion, and assayed deletion in 10 individual transformants by PCR.
Successful excision required both TIRs in the correct relative po-
sitions. Even a small change to one TIR (bottom) abolishes cor-
rect excision. (Red letters) Wild-type nucleotides; (gray letters)
altered nucleotides; (P1 and P2) control plasmids to show expect-
ed IES— and IES+ product sizes, respectively. (C) IES internal se-
quences are largely dispensable for TPB1-mediated excision. We
modified our assay in B by introducing a heterologous “cargo”
gene (GFP [green| or TTN2 [dark blue]) flanked by combinations
of TIRs and adjacent IES internal and IES external sequences.
The 12-bp TIRs alone did not support deletion (TIR12 constructs).
However, larger terminal domains (TD) were sufficient to support
deletion. The TD40 constructs containing the TIRs with 25 bp of
adjacent IES internal sequence and 3 bp of adjacent IES external
sequence did support excision, albeit inefficiently. More impres-
sively, TD60 constructs that contain the TIRs with 45 bp of adja-
cent IES internal sequence and 3 bp of adjacent IES external
sequence supported almost complete IES removal. (P) Control
plasmid to show expected IES+ size.

Tpb1p excises exonic IESs in Tetrahymena

such an explanation might explain retention of other pig-
gyBac-derived genes; i.e., they each excise different IES
subsets. We next investigated TPB6, since it is most close-
ly related to TPB1 and has similar domain architecture,
with Ku-like and transposase-like domains (Supplemental
Figs. S1, S2). Consistent with their important, nonredun-
dant roles, TPB1, TPB2, and TPB6 are all conserved in oth-
er Tetrahymena species, with dN/dS ratios indicating
strong purifying selection on the entire gene and on the
transposase domain when analyzed alone (Supplemental
Table S3).

We generated a germline TPB6 knockout strain (Supple-
mental Figs. S3F, S11) and found striking similarities
between TPB6-deficient and TPB1-deficient phenotypes.
Both knockouts have a milder phenotype than TPB2,
successfully completing conjugation and progeny produc-
tion. Furthermore, both TPB1 and TPB6 knockout proge-
ny have large vacuoles, suggesting common IES targets
(Fig. 6A). Indeed, all eight TPBI-dependent IESs that we
tested are also retained in TPB6-deficient progeny (Fig.
6B). In contrast, TPB6 deficiency does not result in reten-
tion of a TPB2-dependent IES, the R element. Although
we did not formally prove that TPB6 operates on all 12
TPB1-dependent IESs and no others, our results strongly
suggest that both TPB6 and TPB1 might be required to ex-
cise a specialized subset of IESs that are distinct from
TPB2-dependent IESs.

Discussion

There are fundamental similarities as well as surprising
differences between different ciliate species in the process
of programmed DNA rearrangement. In both Parame-
cium and Tetrahymena, piggyBac transposase-derived
host genes as well as RNA-directed heterochromatin for-
mation are required to mediate the excision of tens of
thousands of IES elements (Baudry et al. 2009; Cheng
etal. 2010; Shieh and Chalker 2013; Betermier and Duhar-
court 2014; Yao et al. 2014). In this study, we found that
the deletion of a distinct subset of IESs depends on addi-
tional domesticated transposase genes, TPB1 and TPB6,
suggesting that there are two fundamentally different
and mutually exclusive means to excise IESs in Tetrahy-
mena. The first mechanism is used for the majority of
1ESs, which are found in intergenic or intronic regions. It
is directed by scnRNA-guided heterochromatin at IESs
followed by excision by the domesticated piggyBac-de-
rived gene TPB2. Rather than recognizing terminal IES re-
gions, TPB2 relies on heterochromatin formation within
IESs, including recruitment of proteins such as Pddlp
(Kataoka and Mochizuki 2015). The second mechanism
is the one that we describe here: transposon-like excision
mediated by two other piggyBac-derived genes, TPB1 and
TPB6, which together direct excision of all 12 IESs that are
known to interrupt protein-coding exons. Retention of the
TPB1-dependent IES in a vacuolar gene, DOPI, explains
the large vacuole, osmotic shock sensitivity, and growth
rate phenotypes of TPB1-deficient progeny but not their
failure to complete mating. Thus, our findings point to a
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Figure 6. TPB6 knockout progeny share defects with TPBI
knockout progeny. (A) Representative TPB6 knockout progeny
cells display the large vacuoles seen in TPB1-deficient progeny
(Fig. 1B) and DOP1 knockdown cells (Fig. 3C). (B) TPB6-deficient
progeny also fail to excise TPBI-dependent IESs. PCR assays of
eight representative TPB1-dependent IESs (regions C, E, F, G, H,
K, N, and O) show that excision fails in TPB6 knockout progeny.
In contrast, excision of a TPB2-dependent IES, the R element, is
unimpaired in TPB6-deficient progeny. Expected product sizes
are shown at the right.

division of labor among the domesticated piggyBac-de-
rived genes that direct programmed genome rearrange-
ment in Tetrahymena. We anticipate that such division
of labor might also exist in other ciliates, such as Parame-
cium and Oxytricha (Nowacki et al. 2009; Dubois et al.
2012).

We speculate that the form of IES elimination mediated
by TPB1 and TPB6 is a direct descendant of transposon ex-
cision, preserving the transposon-like requirement for
TIRs. Conventional transposition involves both integra-
tion and excision, but mutational analyses of piggyBac
transposases show that the two functions are separable
(Lietal.2013). We propose that Tpb1p and Tpb6p acquired
analogous mutations to lose the integration but not the
excision function, retaining TIR dependence.
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We propose that the invention of another form of IES ex-
cision via scnRNA-directed heterochromatin involved
specialization of Tpb2p to recognize heterochromatin
rather than TIRs. Available data do not reveal which exci-
sion mode evolved first, but it is clear that the TPB2/
heterochromatin form of excision now dominates in
T. thermophila. This would have the benefit of reducing
the stringent requirement to maintain IES termini, reduc-
ing mutational load on the genome while widening the
system’s specificity to allow removal of other transposon
types. Only TPBI1-dependent IESs within protein-coding
exons continue to exhibit transposon-like features, likely
reflecting strong selective pressure to excise these IESs
precisely and efficiently. Thus, this small subset of
TPB1-dependent IESs is a traceable “fossil” record of the
transposon origins of not only the excision machinery
but also of IESs themselves. This insight, together with
the domesticated piggyBac genes, suggests that IESs
evolved from invasion of ciliate genomes by piggyBac
transposons rather than another transposon type, Tcl/
mariners, as surmised previously (Klobutcher and Herrick
1997). Moreover, unlike most Tcl/mariners, excision of
piggyBac elements is seamless without overhangs, poten-
tially rendering them more suitable for excision events in
protein-coding regions.

Intriguingly, TPB1 and TPB6 have taken a further evolu-
tionary step: Their common ancestor fused a Ku domain
(important in nonhomologous end-joining) with the trans-
posase domain, linking two of the activities needed for
successful transposon/IES excision. In contrast, even
though TPB2-dependent excision requires Ku for repair
(Lin et al. 2012), Ku activity is encoded separately. We
speculate that because TPB1/6-dependent IESs interrupt
protein-coding exons, there is a much higher degree of
stringency for successful excision that may have selected
for fusion of the two domains.

Unexpectedly, this division of labor does not explain
the simultaneous retention of TPB1 and TPB6, both of
which are needed for excision of a subset of IESs. We pro-
pose that this is a result of subfunctionalization. Since
both piggyBac transposases and Ku domains act as dimers
(Walker et al. 2001), we speculate that Tpblp and Tpb6p
function as heterodimers. We propose that a common an-
cestor of TPB1 and TPB6 formed homodimeric proteins.
However, following duplication, each gene acquired com-
plementary debilitating changes (e.g., one in the transpo-
sase and one in the Ku domain), making retention of
both genes essential. Thus, studying the function of do-
mesticated transposon-like genes provides deep evolu-
tionary insights into the origins of programmed DNA
rearrangement in ciliates, one of the most dramatic exam-
ples of somatic genome rearrangements observed in any
life form.

Materials and methods

Cell culture

Inbred T. thermophila strains B2086 II, CU428 (Mpr/Mpr [VII,
mp-s]), and CU427 (Chx/Chx [VI, cy-s] were obtained from Peter



Bruns (Cornell University, Ithaca, NY) and cultured as described
previously (Gorovsky et al. 1975). Cells were grown in SPP or Neff
medium at 30°C in a rotating incubator. Cells were prepared for
mating by washing in 10 mM Tris-HCl (pH 7.4) and starvation
in the same buffer for >10 h prior to mixing equal numbers of cells
of complementary mating types. TPB1 heterozygous knockout
strains were generated from parental mating of CU427 and
CU428 strains using conventional gene transformation; these
strains were mated to produce homozygous knockouts. Hetero-
zygous TPBI hairpin RNA-generating region-containing strains
were also generated from parental mating of CU427 and CU428
and mated to produce knockdown progeny.

Knockout, knockdown, and knock-in plasmids
(Supplemental Fig. S3)

Flanking regions (~1 kb) of target genes were PCR-amplified and
cloned into a plasmid with the neo cassette to allow drug selec-
tion (Gaertig et al. 1994; Mochizuki 2008). To generate knock-
down constructs, a hairpin RNA-generating region (~500 bp)
within the ORF was PCR-amplified and cloned into the PCRII-I
vector using two sets of restriction enzyme sites, generating
two inverted copies, which were cloned into the pIBF rtDNA vec-
tor. Hairpin expression was driven by the cadmium-inducible
MTT1 promoter (Howard-Till and Yao 2006).

Cytological imaging

Living cells were loaded directly onto slides. For fixation, cells
were treated with 2% paraformaldehyde. Images were captured
using a Zeiss Axio Imager microscope.

Cell growth assay

Wild-type and mutant cultures were initiated using cells at ODs5q
~0.05 and grown in Neff medium at 30°C in a rotating incubator
to log phase. Cell densities were measured by spectrophotometry
to determine optical density (ODss0). An ODss5q value of 1 repre-
sents ~1 x 10° cells per milliliter.

Osmotic shock assay

Cells were grown to log phase in hypertonic solution (Neff plus
200 mM sucrose), a sample was taken, and cells were fixed and
counted under a microscope. The medium was then washed
away from the remaining unfixed cells, which were moved to hy-
potonic solution (10 mM Tris-HCl at pH 7.4) and incubated over-
night before fixing and recounting to determine survival rates.

IES elimination PCR assay in TWI1 and PDD1 complete
knockout strains

PDD1 knockout strains APDDI1 39.1A and APDD1 W3.3.4 were
obtained from Dr. Douglas Chalker (Washington University, St
Louis, MO), and TWII knockout strains cATWI1 2-1A and
cATWI1 WG4 were obtained from the Tetrahymena Stock Center
(Cornell University, Ithaca, NY). For each gene, we mated the two
corresponding knockout strains and isolated genomic DNAs to
use as PCR templates from late mating pools 30 h after mixing.

Pdd1p, H3K9me3, and H3K27me3 occupancy

We reanalyzed published ChIP-seq data for Pdd1p (Kataoka and
Mochizuki 2015), H3K9me3, and H3K27me3 (Kataoka et al.
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2016). First, we created an improved genome-wide IES data set
because we noticed that a published data set (Noto et al. 2015)
was missing a number of IESs (especially those bounded by micro-
nuclear assembly gaps). We therefore used a less stringent
BLAST-based method to identify additional candidate IESs, de-
fined as regions of the micronuclear assembly missing from the
macronuclear assembly. In detail, we compared the two assem-
blies using Blastn (Altschul et al. 1997), retained matches of
>100 bp with >99% identity, and retained only reciprocal best
matches. Regions of the micronuclear assembly without macro-
nuclear matches formed a preliminary IES set, which we further
filtered to remove regions of <150 bp (many smaller regions repre-
sent sequences close to CBS sites rather than IESs) and regions de-
rived from minichromosomes that are eliminated from the
somatic nucleus (Lin et al. 2016). We used the union of the pub-
lished and BLAST-based sets for further analysis; the combined
data set comprises 12,355 IESs.

Next, we examined Pdd1p, H3K9me3, and H3K27me3 occu-
pancy. We downloaded data from NCBI (Pddlp ChIP:
SRR2071905; input for Pddlp SRR2071903 and SRR2071904;
H3K9me3 ChIP SRR3659032; H3K27me3 ChIP SRR3659033; in-
put for H3K9me3/H3K27me3 SRR3659031), trimmed reads to re-
tain the first 36 bp using fastx_trimmer (http://hannonlab.cshl.
edu/fastx_toolkit), and used bwa (Li and Durbin 2009) to map
reads to the micronuclear assembly. We counted reads mapping
to each IES, divided counts by the number of mapped reads (in
millions) in each sample, and divided counts by the size of each
IES. We added a very small number (107%) to avoid problems of
division by zero and took ratios of counts in the ChIP-seq samples
to counts in the corresponding input sample (for Pdd1p, we aver-
aged the two input samples).

scnRNA analysis

We downloaded scnRNA sequence data from NCBI (3 h,
SRR514963; 4.5 h, SRR514964; 6 h, SRR514965; 8 h,
SRR514966) (Schoeberl et al. 2012). All possible 25-nt sequences
were extracted using published lists (Gene Expression Omnibus
database, GSM949307-GSM949310) and mapped to the micronu-
clear assembly using Bowtie2 (Langmead and Salzberg 2012). For
each sample we calculated scnRNA coverage by counting reads
mapping to each IES, dividing counts by the size of each IES in
base pairs, and then dividing by the number of mapped reads (in
millions).

Genome sequencing and analysis

Genomic DNA samples used for sequencing included a wild-type
mating pool (strains CU427 and CU428, 24 h after conjugation), a
pool of progeny from mated TPB1 knockdown cells, three individ-
ual wild-type strains (CU427, CU428, and B2086II), and three
individual TPB1 knockout progeny clones (homozygous homo-
karyons). DNAs were isolated from unfractionated cells and con-
tained mostly macronuclear DNA due to its high copy number.
One-hundred-base-pair paired-end reads were generated for the
individual wild-type strains and knockdown pool using an Illu-
mina HiSeq 2000 platform at the Biotechnology Resource Center
Next-Generation Sequencing Core Facility, Academia Sinica
(Taiwan) to a depth of 49 million to 60 million pairs. Forty-
nine-base-pair paired-end reads were generated for the knockout
clones and wild-type pool using an Illumina HiSeq 2500 platform
at Fred Hutchinson Cancer Research Center to a depth of 68 mil-
lion to 74 million pairs. Sequence data are publically available
(Sequence Read Archive accession nos. PRJNA326452 and
PRJNA338999).
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In order to ensure that mappability was comparable for all se-
quencing runs, we trimmed reads to 49 bp. We used bwa (Li and
Durbin 2009) to map reads to the micronuclear reference assem-
bly (Genbank no. GCA_000261185.1) and retained uniquely
mapping reads (mapq >15). Coverage was calculated using
genomeCoverageBed from the BedTools package (Quinlan and
Hall 2010). Using R (Thaka and Gentleman 1996) and Bioconduc-
tor (Huber et al. 2015), coverage was averaged in 100-bp windows
(20-bp slide) and normalized for each sample by dividing by the
number of mapped reads in millions.

We noticed that most samples showed strong GC-related cover-
age bias, so we used loess curve fitting to normalize for GC bias.
We first identified a set of 100-bp windows that represent typical
macronuclear regions: (1) They do not overlap assembly gaps. (2)
They do not overlap 8721 known IESs (Schoeberl et al. 2012). (3)
They have GC content <40% (initially, a few high-GC windows
skewed our loess fits). We took a random subset of 60,000 win-
dows and, for each sample, filtered out atypical windows with
coverage <0.1 or >0.8 reads per million and performed a loess fit
of the relationship between GC content and coverage. We then
GC-corrected the observed coverage, dividing coverage in each
window by predicted values based on the loess fit.

After normalization and GC correction, we calculated ratios of
coverage in each sample to that of the wild-type pool and used
stringent criteria to look for “interesting” windows with coverage
ratios of >4 and coverage of >0.2 reads per million. We filtered out
windows in the region affected in our TPB1 knockout strain and
in the mating type locus, which we expected to vary. We com-
bined overlapping interesting windows into “interesting regions”
(Fig. 2A).

To define TPB1-dependent regions, we first looked for windows
that were “interesting” in all four TPB1-depleted samples but no
wild-type sample. However, we found that some regions passing
this test had also failed to delete in one or more wild-type samples
but did not meet the stringent “interesting” threshold. We there-
fore used looser criteria to define “suspicious” windows in wild-
type clonal lines, requiring ratios of more than twofold (same cov-
erage threshold), and excluded these windows from further anal-
ysis. Upon detailed sequence analysis, we found that six of the
resulting 22 candidate TPB1-dependent regions were additional
cases of wild-type variation. One of these six cases varies among
the sequenced wild-type samples but with below-threshold cov-
erage. Although the remaining five regions were efficiently delet-
ed in all wild-type samples that we sequenced, they were retained
in the macronuclear genome assembly, which was generated
from an independent wild-type strain, SB210 (Eisen et al. 2006).
After these additional filters, we retained 16 TPB1-dependent re-
gions from our analysis of the micronuclear assembly.

Unfortunately, several of the 16 TPBI-dependent regions con-
tained gaps in the micronuclear assembly, often near IES edges;
such gaps precluded detailed IES boundary analyses. We therefore
generated an alternative genome assembly using data from our
TPB1 knockdown pool; because these cells contain only unde-
leted DNA at TPB1-dependent IESs, we hypothesized that assem-
bling these regions might be easier than using wild-type DNA,
where a mix of macronuclear and micronuclear forms could con-
fuse assembly algorithms. We trimmed adapters and low-quality
regions using Cutadapt (http://cutadapt.readthedocs.io) and ran
the SOAPdenovo2 assembly pipeline (Luo et al. 2012) with k-
mer size 85 and insert size 220 bp. As predicted, our assembly
reconstructed most TPB1-dependent regions without gaps. We re-
peated our genome-wide analysis using this assembly, identifying
most of the same TPB1-dependent regions as before as well as four
new regions (regions R, S, T, and AA; Genbank accession nos.
KX713989-KX713992 and KY064162-KY064164) (Supplemental
Table S2), making a total of 20 regions.

2734 GENES & DEVELOPMENT

Bioinformatic characterization of TPB1-dependent IES regions

We defined the exact boundaries of TPB1-affected regions (Sup-
plemental Table S2) using our sequencing reads mapped back to
the micronuclear assembly or our alternative assembly, viewed
using IGV (Robinson et al. 2011), and by comparison of the mac-
ronuclear reference assembly with the micronuclear assembly or
our assembly. We extracted sequences of TPBI-dependent re-
gions with 200-bp flanking regions and ran the MEME motif
search algorithm (Bailey et al. 2009) with the following parame-
ters: -mod anr (any number of motif occurrences per sequence)
and -revcomp (search both strands). We also supplied MEME
with a fifth-order background model generated from the micronu-
clear assembly using MEME'’s Fasta-Get-Markov tool. We found
one good motif that we refined using only the 24 “true” instances
found at the edges of the 12 high confidence TPB1-dependent
IESs. To compare the motif with B. mori piggyBac TIRs (Xu
et al. 2006), we aligned the 42 published TIR sequences and gen-
erated a motif (Sites2meme, MEME suite) that we used as input to
TOMTOM (MEME suite). We used MEME's fimo tool to locate
motif instances in the micronuclear assembly, again with a
fifth-order background model. We filtered motif instances for
those with a score >50 (a threshold chosen to ensure inclusion
of all 24 true instances and filter out many other weaker motifs).
We searched for pairs of high-scoring motifs within 10 kb in the
appropriate relative orientation (most IESs are <10 kb in size),
finding 127 such pairs. We used IGV to examine sequence data
from wild-type and TPB1-deficient progeny to determine whether
these pairs delimited IESs or TPB1-dependent regions.

In order to determine gene content around TPBI-affected re-
gions, we used several annotation sources: 30,079 transcripts pre-
dicted from the micronuclear assembly and downloaded from the
Broad Institute Web site (September 2013), 26,996 CDSs
predicted from the macronuclear assembly (accession no.
GCA_000189635.1) and mapped to the micronuclear assembly
with GMAP (Wu et al. 2016), and RNA sequencing (RNA-seq)
generated by the Broad Institute (SRA SRR606330) or as pub-
lished (Xiong et al. 2012) and mapped to the micronuclear assem-
bly with TopHat2 (Kim et al. 2013).

TPB6 gene prediction

A Blastp search of predicted T. thermophila proteins revealed an
annotated gene, TTHMIC_02656519T0, similar to TPB1 that we
renamed TPB6. However, comparison of the annotation with
RNA-seq data, SRR636700 (Xiong et al. 2012), showed gene pre-
diction errors. We therefore used Assembly by Reduced Complex-
ity (http://ibest.github.io/ARC) to perform targeted assembly of
RNA-seq reads matching the TPB6 genomic region. Two of the
resulting contigs covered most of TPB6; we manually completed
the annotation, filling gaps using genomic sequence. The predic-
tion is well supported by RNA-seq data; we extended 3'-ward to
the first in-frame stop codon. Our TPB6 prediction has Genbank
accession BKO09981.

RT-PCR

Total RNA was prepared using a RNA isolation kit (Roche) and
reverse-transcribed using an oligo-dT primer. qPCR analysis
was performed in the LightCycler carousel-based PCR system us-
ing the LightCycler FastStart DNA Master®™™® SYBR Green kit
(Roche). Expression levels were normalized using a-tubulin
mRNA levels. Primer sequences are in Supplemental Table S4.
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