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Transgenerational function of Tetrahymena Piwi protein
Twi8p at distinctive noncoding RNA loci

BRIAN M. FARLEY and KATHLEEN COLLINS
Department of Molecular and Cell Biology, University of California at Berkeley, Berkeley, California 94720-3202, USA

ABSTRACT

Transgenerational transmission of genome-regulatory epigenetic information can determine phenotypes in the progeny of sexual
reproduction. Sequence specificity of transgenerational regulation derives from small RNAs assembled into Piwi-protein
complexes. Known targets of transgenerational regulation are primarily transposons and transposon-derived sequences.
Here, we extend the scope of Piwi-mediated transgenerational regulation to include unique noncoding RNA loci. Ciliates such
as Tetrahymena have a phenotypically silent germline micronucleus and an expressed somatic macronucleus, which is
differentiated anew from a germline genome copy in sexual reproduction. We show that the nuclear-localized Tetrahymena
Piwi protein Twi8p shuttles from parental to zygotic macronuclei. Genetic elimination of Twi8p has no phenotype for cells
in asexual growth. On the other hand, cells lacking Twi8p arrest in sexual reproduction with zygotic nuclei that retain the
germline genome structure, without the DNA elimination and fragmentation required to generate a functional macronucleus.
Twi8p-bound small RNAs originate from long-noncoding RNAs with a terminal hairpin, which become detectable in the
absence of Twi8p. Curiously, the loci that generate Twi8p-bound small RNAs are essential for asexual cell growth, even
though Twi8 RNPs are essential only in sexual reproduction. Our findings suggest the model that Twi8 RNPs act on silent
germline chromosomes to permit their conversion to expressed macronuclear chromosomes. Overall this work reveals that a
Piwi protein carrying small RNAs from long-noncoding RNA loci has transgenerational function in establishing zygotic nucleus
competence for gene expression.

Keywords: germline development; noncoding RNA; nuclear RNA silencing; piRNA; Piwi

INTRODUCTION cleavage (Kuhn and Joshua-Tor 2013). Ago/Piwi family
members that do not retain a nuclease active site instead
recruit regulatory factors to the sSRNA-paired target. In the
cytoplasm, complexes direct post-transcriptional mRNA
regulation by translational repression or induced mRNA
turnover (Jonas and Izaurralde 2015). In the nucleus, mech-
anisms of gene repression include cotranscriptional restraint
of RNA polymerase II and assembly of transcriptionally re-
pressive chromatin (Castel and Martienssen 2013; Holoch
and Moazed 2015).

Piwi proteins expressed in germline and germline-associ-
ated cells mediate transgenerational epigenetic repression
of transposon mobility (Luteijn and Ketting 2013; Weick
and Miska 2014). Despite remarkably different molecular
pathways of Piwi-interacting (pi) RNA biogenesis and Piwi
RNP mechanisms of action, diverse organisms require Piwi/
piRNA-dependent transposon silencing during sexual repro-
duction (Weick and Miska 2014; Gebert and Rosenkranz

Proteins of the evolutionarily widespread Argonaute (Ago)/
Piwi family have broad functions in genome and gene regu-
lation (Meister 2013; Ipsaro and Joshua-Tor 2015). Ago/Piwi
proteins derive sequence specificity from tightly bound small
RNAs (sRNAs), which are processed from longer transcripts
by diverse mechanisms (Ipsaro and Joshua-Tor 2015; Iwasaki
etal. 2015). One relatively ubiquitous sSRNA biogenesis path-
way involves Dicer endonucleolytic processing of double-
stranded (ds) RNAs, which can originate from RNA hairpins,
annealed transcripts, or dsRNA transcribed by an RNA-
dependent RNA polymerase complex (RDRC). Cleavage re-
sults in 20-30 nucleotide (nt) sRNAs, which are loaded
into Ago/Piwi proteins (Nakanishi 2016). Some Piwi proteins
are instead loaded with sRNAs derived from endonucleolytic
and exonucleolytic processing of single-stranded transcripts
(Kobayashi and Tomari 2016). Some Ago/Piwi proteins
have an endonuclease activity that is activated by sRNA load-

ing and base-pairing to a target, resulting in target RNA
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Origin, inheritance, and function of Twi8 RNPs
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FIGURE 1. Parental Twi8p localizes to the zygotic macronucleus. (A) Schematic of Tetrahymena
conjugation. Starved cells of different mating types (indicated as black or white nuclei) pair and
their micronuclei divide by meiosis. One meiotic product from each cell replicates and undergoes
a mitotic division and the paired cells exchange one of the resulting pronuclei. After the pronuclei
in each cell fuse, each zygotic nucleus replicates and divides twice by mitosis. The two swollen
zygotic nuclei differentiate into macronuclei. Parental macronuclei migrate posteriorly and are
degraded as zygotic macronucleus differentiation proceeds and paired cells separate as exconju-
gants. Conjugation is cytologically complete when the exconjugants degrade one of the two mi-
cronucleus-sized zygotic nuclei. To enter vegetative growth, exconjugants divide with
micronuclear mitosis but no macronuclear replication, generating cells with one micronucleus
and one macronucleus. (B) Schematic for Twi8p tagging at the TWI8 locus. In this and all sub-
sequent schematics the restriction nuclease sites indicate the genomic DNA digest and a dashed
horizontal line indicates a region detected by a Southern blot probe. BSR2 indicates the blasticidin
resistance cassette; ZZF indicates the epitope tag. (C) Southern blot verification of ZZF-TWI8
strains. ZZF-TWI8 and WT indicate the genomic DNA fragment that should be detected at tar-
geted and wild-type loci, respectively. All lanes are cropped from the same exposure of the same
blot. (D) Immunofluorescence localization of epitope-tagged Twi8p. Cells in vegetative growth
and starvation were strain ZZF-TWI8 SB1969. Conjugation was between wild-type CU428 and
ZZF-TWI8 SB1969, which expressed ZZF-Twi8p only from the parental macronucleus. DNA
was detected by costaining with DAPI, with white arrows marking parental micronuclei, white
arrowheads marking parental macronuclei, and red arrowheads marking zygotic macronuclei.
The scale bars denotel5 pum, with the scale bar in (ii) applying to (i) and (ii), and the scale bar
in (vi) applying to (iii) through (vi).

(vi)

Ciliated protozoa are valuable model
organisms for investigating pathways of
transgenerational epigenetic regulation
(Chalker et al. 2013; Yao et al. 2014;
Ruehle et al. 2016). Common to ciliates
is the strategy of nuclear dualism: Within
a single cell, nuclei are specialized to
have either somatic or germline func-
tions. During asexual (vegetative)
growth, the diploid germline micronu-
cleus is transcriptionally silent and the
polyploid macronucleus is phenotypical-
ly expressed. Tetrahymena sexual repro-
duction (conjugation) is induced by
starvation and mixing of cells with com-
plementary mating types. Upon cell pair-
ing, micronuclei undergo meiosis,
haploid nuclei are exchanged between
cells, and gamete fusion creates a zygotic
nucleus in each paired cell (Fig. 1A, left).
Two mitotic divisions generate four zy-
gotic nuclei in each paired cell, two
of which become macronuclei. Paired
cells separate as exconjugants (Fig. 1A,
right), which if resupplied with nutrients
undergo cell division to segregate each
new macronucleus to a separate daughter
cell. The macronuclear genome contains
approximately two-thirds of the sequence
complexity of the micronuclear genome,
with all transposons and most other re-
peats removed during macronucleus dif-
ferentiation in conjugation (Eisen et al.
2006; Coyne et al. 2008). Differentiation
of a new macronucleus requires substan-
tial genome remodeling (Yao et al
2014): chromosome amplification to a
copy number (C) of around 12C, se-
quence-specific chromosome breakage
and telomere addition at approximately
180 specific genome locations, and DNA
elimination that removes every copy of
approximately 6000 different internally
eliminated sequences (IES) scattered
throughout the micronuclear genome
(Yao et al. 1984; Fass et al. 2011). When

2015). Genetic loss of a Piwi protein or piRNA biogenesis
enables transposon mobilization, and the ensuing widespread
DNA damage leads to sterility. Consistent with these phe-
notypes, piRNAs include transposon-derived sequences.
However, a substantial fraction of piRNAs map to loci that
are not of transposon origin or otherwise related to transposon
regulation (Le Thomas et al. 2014; Iwasaki et al. 2015). The
function(s) of these piRNAs and Piwi RNPs have not been
clearly established (Ross et al. 2014; Sarkar et al. 2016).

exconjugants begin vegetative growth, additional DNA am-
plification generates the 45 C typical of macronuclear chro-
mosomes. The parental macronucleus is degraded prior to
the completion of conjugation, and thus each round of sexual
reproduction obliges differentiation of a germline nucleus to
a somatic nucleus.

Tetrahymena cells express at least six and possibly as many
as 12 distinct Piwi family members (Cerutti and Casas-
Mollano 2006; Seto et al. 2007; Couvillion et al. 2009). Two
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Tetrahymena Piwi (Twi) proteins, Twilp and Twillp, silence
transposable elements in differentiating zygotic macronuclei
(Mochizuki et al. 2002; Noto et al. 2015). Early in conjuga-
tion, Twilp is loaded with 28- to 30-nt scan (scn) RNAs
generated by the Dicer Dcllp from annealed nongenic tran-
scripts in the micronucleus (Malone et al. 2005; Mochizuki
and Gorovsky 2005). Twil RNPs are first imported into pa-
rental macronuclei, where scnRNAs complementary to the
macronuclear genome are degraded (Schoeberl et al. 2012).
Filtered Twil RNPs escape the parental macronucleus and
relocalize, along with Twill RNPs, to developing zygotic
macronuclei, where an amplification of IES-targeting
scnRNA occurs (Mochizuki et al. 2002; Noto et al. 2015).
Ultimately, scnRNA RNPs trigger the trimethylation of
histone 3 lysine 9 (H3K9me3) and lysine 27, which recruit
chromodomain proteins including Pddlp that coalesce
heterochromatin into punctate foci thought to support IES
elimination (Kataoka et al. 2016). H3K9me3 is unique
to the developing macronuclei of Tetrahymena; remarkably,
differentiated macronuclei lack H3K9me3 heterochromatin
(Taverna et al. 2002).

Three additional Twi proteins Twi2p, Twi8p, and Twil2p
are ubiquitously expressed in vegetative growth as well as
conjugation (Couvillion et al. 2009). Twil2p is the most
divergent in sequence and in function: it binds mature cyto-
plasmic tRNAs that are then processed by an unknown endo-
nuclease to leave the CCA-containing tRNA 3’ end as the
Twil2p-bound sRNA (Couvillion et al. 2010, 2012). Twil2
RNPs are essential for nuclear import of the 5'-3" exonuclease
Xrn2p, which mediates ribosomal RNA (rRNA) maturation
(Couvillion et al. 2012). On the other hand, Twi2p and
Twi8p are loaded more canonically by the Tetrahymena
Dicer Dcr2p, which generates 23- to 24-nt sRNAs distinct
from the conjugation-specific 28- to 30-nt scnRNAs (Lee
and Collins 2006, 2007). Dcr2p substrate specificity derives
largely from its physical association with three Tetrahymena
RDRCs, which share the catalytic subunit Rdrlp but have
unique combinations of accessory subunits (Rdnlp and
Rdflp, or Rdnlp and Rdf2p, or Rdn2p) that govern cellular
template selection (Lee and Collins 2007; Lee et al. 2009;
Talsky and Collins 2012). The sRNAs loaded into Twi2p
exhibit extreme strand bias, arising only from the RDRC-
synthesized strand antisense to cellular transcripts with
degenerate or no open reading frame (Lee and Collins
2006; Couvillion et al. 2009). Sequencing of Twi8p-bound
sRNAs was less revealing about the specificity of sRNA
biogenesis or function, likely due to overexpression of the
transgene-encoded tagged Twi8p used for RNP purification
(Couvillion et al. 2009). Unlike cytoplasmic Twi2p, Twi8p
concentrated in the macronucleus of cells in vegetative
growth (Couvillion et al. 2009). A large fraction of Twi8p-
bound sRNA was modified by 3’-end 2'O-methylation
(Couvillion et al. 2009), consistent with nuclear localization
of the Tetrahymena sRNA 2'O-methylase Henlp (Kurth
and Mochizuki 2009).

532 RNA, Vol. 23, No. 4

To explore nuclear Piwi-protein roles beyond transposon
silencing, we investigated Tetrahymena Twi8p. Tetrahymena
transposons are silenced by DNA elimination in differen-
tiating zygotic macronuclei, but Twi8p is constitutively
expressed throughout vegetative growth as well as conjugation
(Couvillion et al. 2009). We show that Twi8p shuttles from pa-
rental macronuclei to the zygotic nuclei committed to macro-
nucleus differentiation. Cells lacking parentally supplied
Twi8p arrest at an early stage of somatic macronucleus differ-
entiation, prior to Twilp- and Twillp-mediated genome re-
modeling. Unlike Twilp- and Twil lp-bound sRNAs, which
originate from repetitive elements that are predominantly mi-
cronucleus-restricted in sequence, Twi8p-bound sRNAs orig-
inate from a small number of loci retained in the macronuclear
genome. These loci are essential to cells in vegetative growth,
unlike Twi8p. Overall these findings demonstrate a new type
of noncoding RNA locus used for sSRNA biogenesis and a
new role for transgenerational inheritance of Piwi RNPs.

RESULTS

Parentally supplied Twi8p localizes to zygotic
macronuclei

A previous study of overexpressed Twi8p indicated that
it concentrated in the macronucleus of cells in vegetative
growth (Couvillion et al. 2009). To investigate the localiza-
tion of Twi8p at its endogenous expression level, we tagged
the protein encoded at the endogenous gene locus. We target-
ed the cointegration of a selectable marker (BSR2 conferring
blasticidin resistance) and a Twi8p N-terminal tag with
tandem Protein A domains and a triple Flag epitope (the
ZZF tag) (Fig. 1B). The targeting construct was introduced
by particle bombardment, transformants were selected with
blasticidin, and maximal replacement of the endogenous
locus was attained by phenotypic assortment (Couvillion
and Collins 2012). Because macronuclear chromosomes
segregate randomly during cell division, passage of cells
into media with serially increasing drug concentration selects
for maximal copy number of the recombinant chromosome.
Complete replacement of the endogenous TWI8 locus with
the tagged TWIS8 locus was obtained in strains of different
mating type, CU428 and SB1969, as determined by genomic
DNA Southern blots (Fig. 1C). Fixed cells were stained to
detect the Flag tag of ZZF-Twi8p and co-stained with DAPI
to detect DNA. Staining background was low in cells lacking
ZZF-tagged protein (Fig. 1D, i). Cells expressing ZZF-Twi8p
showed predominantly macronuclear localization of the pro-

To investigate the localization of ZZF-Twi8p across the nu-
clear dynamics of conjugation (Fig. 1A), we mated wild-type
CU428 and ZZF-Twi8p SB1969. Early in conjugation, cell
pairs showed staining of only one parental macronucleus
(Fig. 1D, iv). At later times, after the creation of zygotic mac-
ronuclei, parentally expressed ZZF-Twi8p was detected in
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both zygotic macronuclei of both paired cells (Fig. 1D, v),
consistent with cytoplasmic mixing across the conjugation
junction. As zygotic macronuclei gained ZZF-Twi8p, it
became undetectable in a parental macronucleus. Because
only the parental macronucleus TWI8 locus expressed tagged
protein, not the zygotic macronuclei derived from micronu-
clei, immunofluorescence localization tracks only parentally
expressed Twi8p. Therefore, the change in ZZF-Twi8p local-
ization strongly suggests that parentally supplied Twi8p is
transferred to zygotic macronuclei. ZZF-Twi8p remained
readily detectable in zygotic macronuclei of exconjugants
(Fig. 1D, vi), indicating that daughter cells are transgenera-
tionally stocked with parentally supplied Twi8p before they
begin vegetative growth. The reciprocal cross of wild-type
SB1969 and ZZF-Twi8p CU428 gave similar results, and
the two ZZF-Twi8p strains gave viable progeny indicating bi-
ological function of the tagged protein (essential function of
Twi8p in conjugation is described below).

Parentally supplied Twi8p is required for completion
of conjugation

We next investigated whether parentally supplied Twi8p
is essential for conjugation. We engineered CU428 and
SB1969 strains that replaced the Twi8p Piwi-domain open
reading frame with a blasticidin resistance cassette (Fig.
2A). Following selection in increasing concentrations of blas-
ticidin to drive maximal assortment of the recombinant
chromosome, individual cells were isolated and expanded
by culture in the absence of blasticidin to allow backassort-
ment of any remaining wild-type chromosome. Assortment
of the modified allele was determined by Southern blot of
genomic DNA. Complete replacement of the TWI8 locus
was observed in both strain backgrounds (Fig. 2B), consistent
with the nonessential function of Twi8p in vegetative growth
(Couvillion et al. 2009).

We starved and mated ATWIS cells to each other or to
wild-type cells, in comparison to the control cross of wild-
type partners. Cells formed pairs efficiently with or without
parental Twi8p: >85% of cells were paired by 4 h post-mix-
ing. The progression of conjugation (Fig. 1A) was followed by
DAPI staining of parental and zygotic nuclei. Five categories
of nuclear arrangement were scored (Fig. 2C shows represen-
tative images): paired cells with micronuclear meiosis, paired
cells with multiple zygotic nuclei, paired cells with two of the
zygotic nuclei committed to become new macronuclei (red
arrowheads), exconjugants that contain two macronuclei
and two micronuclei, and exconjugants with two macronu-
clei and one micronucleus that have completed the nuclear
program of conjugation.

By 4 h post-mixing, paired cells from all crosses had pro-
gressed to micronuclear meiosis (Fig. 2D; gray bars are the
cross of two wild-type strains, orange bars are the cross of
ATWI8 to wild type, and red bars are the cross of two
ATWIS strains). Also, paired cells from all crosses underwent
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FIGURE 2. Cells lacking parentally supplied Twi8p arrest in sexual re-
production. (A) Schematic of TWIS8 disruption strategy. The stop codon
and approximately half of the coding sequence of TWI8 were replaced
with a drug resistance cassette (BSR2). The dashed horizontal line indi-
cates the region used to synthesize radiolabeled probe for the Southern
blot in panel B. (B) Southern blot verification of ATWIS8 strains. WT
and KO indicate the positions of digested genomic DNA expected for
wild-type and targeted loci, respectively. (C) Representative images of
DAPI-stained cells. Each of the stages used to score conjugation pro-
gression in panel D is shown, arranged in chronological order from
left to right. The scale bar denotes 15 pm. (D) Progression of nuclear
configurations was monitored by time-course (h indicates hours
post-mixing). Cells were assigned to categories on the basis of nuclei
configurations, as described in the text. Each bar graph represents frac-
tion of cells in each category at each time point. The 20-h time point
was collected from parallel crosses performed with the same cultures
of starved cells. At least 100 cells were counted from each cross at
each time point. (E) Progression of nuclear configurations was moni-
tored at 24 h post-mixing for TWI8 knockouts in various wild-type
strain backgrounds. Cells were mixed, collected, fixed, stained, and
counted as in panel D. At least 100 cells were counted from each cross.
Some labeling in this and subsequent figures uses 428 to indicate CU428
and 1969 to indicate SB1969.
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two rounds of zygotic nucleus mitosis to generate two small,
DAPI-bright nuclei that retain micronuclear identity and
two swollen, DAPI-poor nuclei committed to new macronu-
cleus identity (Fig. 2C, center; all four zygotic nuclei are clus-
tered anterior to the parental macronucleus, and nuclei
committed to macronuclear differentiation are indicated
with red arrowheads). Lack of parental Twi8p did not alter
progression to this stage of conjugation (Fig. 2D, see scoring
at 12 h). Pairs of wild-type cells or paired wild-type and
ATWIS cells continued to the end-point of conjugation, which
in nutrient-poor starvation medium is the generation of
exconjugants with one micronucleus and two macronuclei
(Fig. 2C and 2D gray and orange bars). The parental macronu-
cleus was resorbed completely, with all transcription depen-
dent on the new zygotic macronuclei. In contrast, paired
ATWIS cells arrested mid-way through conjugation (Fig.
2D, red bars). The ATWIS pairs retained two small, micronu-
cleus-progenitor zygotic nuclei as well as two swollen, macro-
nucleus-progenitor zygotic nuclei, and the vast majority
retained parental macronuclei (Fig. 2C and 2D, stages of zy-
gotic nuclei differentiation and 2MAC:2MIC). To confirm
that the ATWI8 phenotype is not specific to one strain back-
ground, we performed crosses with cells from a ATWIS
SB210 background as well. Twenty-four hours after mixing
of nutritionally starved cells, pairs from mating of SB210
ATWI8with CU428 ATWIS8 or SB1969 ATWI8 had a conjuga-
tion arrest parallel to that observed for mating of CU428
ATWI8 and SB1969 ATWIS (Fig. 2E).

Because the ATWI8 conjugation arrest was rescued by
mating to a wild-type partner (Fig. 2D, orange bars; recipro-
cal cross results were similar, data not shown), it is unlikely
that Twi8p is required for parental micronuclear genome
stability in vegetative growth. This conclusion was reinforced
by confirming the functionality of zygotic macronuclei in
the progeny of ATWI8 and wild-type cell conjugation by suc-
cessful growth in cycloheximide, which is dependent on mac-
ronuclear expression of a gene present only in the SB1969
micronucleus (see Materials and Methods). However, the
ATWI8 x wild-type cross did generate more exconjugants
with 2MAC:2MIC content instead of 2MAC:1IMIC (Fig.
2D, 24 h). Therefore, some ATWI8 x wild-type cell pairs
may not have enough diffusion across the cytoplasmic conju-
gation junction to fully support Twi8p function.

Lack of parental Twi8p arrests macronucleus
differentiation prior to genome remodeling

To address the cellular function of Twi8p, we next investigat-
ed what known events of zygotic macronuclear genome dif-
ferentiation do or do not occur in the absence of parental
Twi8p (Fig. 3A). Within 4 h post-mixing, transcription in
parental micronuclei produces dsRNA that is processed to
Twilp-bound 28- to 30-nt scnRNA (Mochizuki et al. 2002).
Because Twi8p remains localized in parental macronuclei
during this early interval of conjugation (Fig. 1D, ii), Twi8p
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function would not be expected to influence scnRNA biogen-
esis. Indeed, both wild-type and ATWIS paired cells generated
abundant 28- to 30-nt scnRNAs (data not shown). The
scnRNA-directed formation of heterochromatin begins in
paired cells with a nuclear configuration similar to that of
the ATWI8 conjugation arrest. We therefore tested for the
presence of H3K9me3 in developing zygotic macronuclei by
immunofluorescence staining of paired cells at 10 h post-mix-
ing. Paired cells from all wild-type and ATWIS strain combi-
nations had zygotic macronuclei with comparable detection
of H3K9me3 (Fig. 3B) and H3K27me3 (data not shown).
Thus, the developing zygotic macronuclei of ATWIS paired
cells are competent to establish these histone modifications.

We also examined zygotic macronucleus import and distri-
bution of Pddlp, a chromodomain protein that binds
H3K9me3 and induces DNA elimination (Madireddi et al.
1996; Taverna et al. 2002; Liu et al. 2007). Paired cells from
all wild-type and ATWIS strain combinations at 14 h post-
mixing had imported Pdd1p to developing zygotic macronu-
clei (Fig. 3C). However, only cell pairs with a wild-type part-
ner had the punctate foci of Pdd1p coincident with excision of
chromatin targeted for degradation (Fig. 3C, top and bottom
panels). Foci of Pdd1p were not detected in the zygotic mac-
ronuclei of ATWIS cells (Fig. 3C, middle panels), which at 14
h post-mixing remained paired while pairs containing a wild-
type partner separated to exconjugants. We conclude that the
conjugation arrest of ATWIS cells occurs after zygotic macro-
nuclei are functional for protein import but before the assem-
bly of heterochromatin bodies required for DNA elimination.

To complement the cytological assays described above, we
used a molecular assay to examine whether the ATWI8 con-
jugation arrest occurred prior to DNA elimination. The
micronuclear M-element locus has alternative IES elimina-
tion boundaries (Fig. 3D, right): Maximal DNA elimination
removes ~900 bp (AM-0.9), while an alternative excision re-
moves ~600 bp (AM-0.6) (Austerberry et al. 1984). Using
PCR primers that anneal to sequences flanking the boundar-
ies of maximal IES elimination, we amplified M-element loci
in the genomic DNA of parental strains or conjugated cells at
30 h post-mixing. Strains CU428 and SB1969 both have pa-
rental macronuclear M-element loci of only the AM-0.6 allele
(Fig. 3D, lanes 1-3; note that micronuclear loci are at a much
lower copy number and the long PCR product from an intact
M-element would be disfavored in amplification). After con-
jugation of wild-type CU428 and SB1969, progeny macronu-
clei had both AM-0.6 and AM-0.9 alleles (Fig. 3D, lane 4),
indicating successful IES elimination in zygotic macronuclei.
Conjugation of wild-type and ATWIS cells also generated the
AM-0.9 allele (Fig. 3D, lanes 6,7), indicative of zygotic ge-
nome IES elimination. In contrast, conjugation of two
ATWIS cells did not (Fig. 3D, lane 5).

Developing macronuclei undergo chromosome breakage
in addition to DNA elimination. To test whether ATWI8 con-
jugation arrest occurred prior to chromosome breakage, we
assayed for a transient post-breakage form of the chromosome
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FIGURE 3. Cells lacking parentally supplied Twi8p do not undergo zygotic macronucleus differ-
entiation. (A) Approximate timeline for events during conjugation. (B) Immunofluorescence lo-
calization of H3K9me3. Cells were collected in conjugation at 10 h post-mixing, fixed, and stained
for H3K9me3 with a DAPI counterstain. Red arrowheads in the DAPI-stained panels indicate zy-
gotic macronuclei. The scale bar denotes 15 pm. (C) Immunofluorescence localization of Pdd1p.
Cells were collected in conjugation at 14 h post-mixing, fixed, and stained for Pdd1p with a DAPI
counterstain. Red arrowheads in the DAPI-stained panel indicate zygotic macronuclei. The scale
bar denotes 15 pm. (D) PCR-based assay for M-element IES excision. The macronuclear config-
urations of the M-element locus were assayed by PCR of total genomic DNA. AM-0.6 and AM-0.9
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IES (red). (E) Southern blot detection of chromosome breakage at the micronuclear rDNA locus.
Undigested genomic DNA was resolved on an agarose gel and transferred to a nylon membrane
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TWI2 is expressed throughout the Tetrahymena lifecycle and was used as a cDNA quality and re-
covery control. The increased contrast panel is of TWI8 mRNA in ATWIS8 conjugating cell pairs.

that encodes the rRNA precursor tran-
scribed by RNA Polymerase I (designated
the rDNA chromosome). The micronu-
clear genome contains a single copy of
the locus for RNA polymerase I transcrip-
tion of rRNA. During conjugation, this
11-kbp region is excised by chromosome
breakage, followed by conversion to the
palindromic 21-kbp rDNA chromosome
of cells in vegetative growth (Yao et al.
1987). Because the 11-kbp intermediate
of rDNA chromosome formation is
unique to conjugating cells, it is a discrim-
inating indicator of zygotic macronuclear
chromosome breakage (Cranert et al.
2014). We collected genomic DNA from
conjugation of wild-type cells, wild-type
with ATWIS, or ATWIS cells at 0, 16,
and 30 h post-mixing and assayed for
the rDNA processing intermediate by
Southern blot (Fig. 3E). Paralleling the
findings for M-element IES elimination
described above, the 11-kbp rDNA prod-
uct of chromosome breakage was detect-
ed upon conjugation of wild-type cells
or wild-type with ATWI8 but not
ATWIS cells (Fig. 3E). Overall, we con-
clude that lack of parental Twi8p arrests
new macronucleus differentiation prior
to both chromosome breakage and IES
elimination.

Lack of parental Twi8p does not
preclude transcription from zygotic
macronuclei

Developing macronuclei support mRNA
transcription before genome rearrange-
ment (Wenkert and Allis 1984). For ex-
ample, zygotic nuclei express the TWII1
and TBP2 mRNAs that encode proteins
required for DNA elimination and chro-
mosome breakage (Cheng et al. 2010;
Noto et al. 2015). In comparison, TWII
mRNA is expressed both from parental
macronuclei in the first few hours of
conjugation and in zygotic macronuclei
at about the onset of IES elimination
(Mochizuki et al. 2002; Noto et al.
2015). To investigate whether lack of pa-
rental Twi8p arrested zygotic macronu-
cleus differentiation prior to the onset
of mRNA transcription, we collected to-
tal RNA from conjugations of wild-type
cells, wild-type with ATWIS8, and
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ATWIS cells at 0, 4, 8, 12, and 16 h post-mixing. Total RNA
was reverse-transcribed with poly-deoxythymidine primer to
generate cDNA for detection of individual mRNAs by RT-
PCR with specific primer pairs.

TWII expression from parental macronuclei occurred
in all cell pairings, evident in the comparable level of TWII
RT-PCR product detected at 4 h post-mixing (Fig. 3F).
TWII11 and TBP2 mRNA levels were also comparable in
all pair combinations, increasing at 12 h post-mixing (Fig.
3F), as expected for transcription from zygotic macronuclei.
We used the ubiquitously expressed TWI2 mRNA as a cDNA
quality control (Fig. 3F). Some TWI8 mRNA expression was
detected in paired ATWIS cells at 12 and 16 h post-mixing
(Fig. 3F), which is necessarily from the zygotic macronuclei
that have wild-type TWI8 versus the parental macronuclei
that are ATWIS. However, TWI8 mRNA level was much
lower without expression from parental as well as zygotic de-
veloping macronuclei, and even pairs with one wild-type and
one ATWIS partner had less TWI8 mRNA accumulation than
pairs of cells with TWI8 mRNA expressed from both parental
macronuclei (Fig. 3F). That TWI8 mRNA transcription
is predominantly from parental rather than zygotic nuclei is
consistent with the failure of zygotic TWI8 mRNA transcrip-
tion to relieve the conjugation arrest of parental macronucleus
ATWIS cell pairs. In combination, all of the assays described
above suggest that ATWIS8 conjugation arrest occurs after zy-
gotic nuclei gain transcriptional competence but before the
conversion of germline to somatic genome structure.

Twi8p-bound sRNAs derive from specific
noncoding RNA loci

Piwi protein function is guided by bound sRNAs. To charac-
terize Twi8p-bound sRNAs, we purified ZZF-Twi8p from the
SB1969 and CU428 strain backgrounds in vegetative growth
or starvation, or from conjugations of ZZF-Twi8p SB1969
and wild-type CU428 or ZZF-Twi8p CU428 and wild-type
SB1969 sampled at 24 h post-mixing. Twi8 RNPs were puri-
fied from cell extracts using a first step of binding to IgG aga-
rose and elution with TEV protease and a second step of
binding to Flag antibody resin and elution with Flag peptide.
A single protein was prominent by silver staining, which
was specific to purifications from ZZF-Twi8p cell extracts
versus cell extracts lacking tagged protein (Fig. 4A shows a
representative purification). Co-enriched RNAs were extract-
ed, resolved by denaturing polyacrylamide gel electrophoresis
(PAGE), and visualized by SYBR Gold staining. Consistent
with overexpressed Twi8p purification (Couvillion et al.
2009), endogenous-level Twi8p was bound only to 23- to
24-nt sSRNAs (Fig. 4B shows a representative purification).
Gel-purified sSRNAs were cloned for high-throughput se-
quencing, and strand-specific SRNA reads were mapped to
the macronuclear and micronuclear genomes (see Materials
and Methods). Unlike the 28- to 30-nt scnRNAs enriched
in micronucleus-restricted IES sequences, Twi8p 23- to 24-
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FIGURE 4. Twi8p copurifies 23- to 24-nt sRNAs. (A) Representative
purification of Twi8p detected by silver staining after SDS-PAGE.
Purifications were performed in parallel from extracts of cells in vegeta-
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(eluted from IgG agarose) or the second step (eluted from Flag antibody
resin). (B) SYBR Gold visualization of sSRNAs isolated from the purifi-
cations in A. RNA samples are from a small amount of starting cell ex-
tract (Input) or after the completion of second-step purification (Flag).

nt sRNAs from cells in growth, starvation, and conjugation
mapped to the macronuclear genome. To assign genomic
loci from which sRNAs originated, we grouped reads that
mapped within 500 bp of another read as a single locus
and normalized the total number of reads mapped to each
locus by the predicted length of the locus (reads per kbp of
locus per million reads, or RPKM). We combined reads
from vegetative growth or starvation or conjugation and
compared bound sRNAs across the Tetrahymena life cycle
(Fig. 5A). The population of Twi8p-bound sRNAs remained
remarkably consistent in sequence composition despite dra-
matic changes in gene expression and scnRNA production.

Seven macronuclear loci accounted for over 95% of
mapped reads from each sRNA library (Fig. 5A, dark-fill cir-
cles). We therefore describe these loci as Twi8p-associated
sRNA loci (TASLs). Reads mapped to both DNA strands
(Fig. 5B; red indicates sense-strand and blue indicates anti-
sense-strand, see below). Gaps in read mapping are consis-
tent with sSRNA biogenesis from dsRNA synthesized after
splicing of a primary transcript, with the TASL-4 locus
harboring separate TASL-4A and TASL-4B transcripts (Fig.
5B). Only TASL-6 contains a possible open reading frame
longer than 30 amino acids. The TASLs also lack nearby tran-
scribed genes, which is highly atypical for the Tetrahymena
macronucleus (Coyne et al. 2008). Only TASL-7 is within
500 bp of a possible open reading frame (Fig. 5B, gray bar),
but that open reading frame lacks any annotated evidence
or suggestion of function. We conclude that TASL loci gener-
ate noncoding RNAs from otherwise transcriptionally isolat-
ed regions of the macronuclear genome.
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sense to predicted TASL primary transcripts are plotted in blue, while reads from the predicted
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TASL-6 RNA hairpin is illustrated. (C) Distribution of mapped reads at PGC loci of two pseudo-
gene families (I and IV), which are representative of other PGC, depicted as described in B.

Five of the seven TASLs (excepting TASL-2 and TASL-6)
overlap previously identified “phased cluster loci” that gener-
ate abundant sRNAs associated with Twi2p (Couvillion et al.

2009). Twi2p-bound sRNAs are antisense
to a primary transcript detectable by RT-
PCR (Couvillion et al. 2009). Unlike
Twi2-bound  sRNAs,  Twi8p-bound
sRNAs from the TASLs are produced
from both strands and without 5-end
phasing (Fig. 5B, Supplemental Fig. S1).
At every TASL, the Twi8p sense-strand
sRNA reads tapered off near or within a
predicted primary-transcript hairpin of
>30 bp (Fig. 5B, shown for TASL-6).
This hairpin is proposed to be a determi-
nant of RDRC recruitment, either directly
or indirectly, by inducing endonucleolytic
cleavage to generate a transcript 3’ end for
the loop-back initiation by a Tetrahymena
RDRC (Talsky and Collins 2010).

Beyond the TASLs, among the 50 loci
with maximal read coverage density of
Twi8p-bound sRNA, 10 of the loci are
previously identified pseudogene clusters
(Fig. 5A, light-fill circles). Pseudogene
clusters (PGC) generate abundant cellular
23- to 24-nt sSRNAs with the strand asym-
metry hallmark of loading on Twi2p (Lee
and Collins 2006; Couvillion et al. 2009).
Suggestive of pseudogene origin, PGC
transcripts share a degenerate open read-
ing frame and genome-encoded poly-
adenosine tract on the sense strand of
the primary transcript detectable by
RT-PCR (Lee and Collins 2006). Unlike
Twi2p-bound PGC sRNAs, Twi8p-
bound PGC sRNAs are produced from
both strands (Fig. 5C). However, Twi8p-
bound PGC sRNAs and Twi8p-bound
sRNAs from some TASLs do have an over-
all antisense bias that is quantitatively var-
iable across individual loci (Table 1). This
asymmetry reflects a combination of
Twi8p loading by the Twi8p-specific
pathway without strand specificity and
some cross-loading by a strand-selective
Twi2p loading pathway (see Discussion).
A third pathway may load a small fraction
of Twi8p by Dcr2p cleavage of annealed
rather than RDRC-synthesized dsRNA,
as detected previously (Couvillion et al.
2009) and here (Table 1, Twi8.1).

Twi8p reduces TASL transcript levels

Because nuclear Piwi proteins reduce transcription of their
target loci, we investigated the change in accumulation of
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TABLE 1. Strand bias of Twi8p sRNAs from the most abundant
sRNA-producing loci

Locus Antisense bias Scaffold Start End

TASL-1 6.6 scf_8254594 879806 881242
TASL-2 3.4 scf_8254370 141562 142534
TASL-3 8.3 scf_8254594 261231 262485
TASL-4 6.7 scf_8254597 3756 6190
TASL-5 37 scf_8254638 467098 467708
TASL-6 19 scf_8254470 647878 650081
TASL-7 50 scf_8254590 192790 194281
1A 29 scf_8254028 22716 28008
1B 46 scf_8254600 158161 170065
IC 48 scf_8254638 960882 969246
1D 93 scf_8254659 1291175 1294032
A 79 scf_8254557 43710 48085
11B 75 scf_8254822 133026 138375
IVA 23 scf_8254572 2710 9902
IVB 46 scf_8254718 114857 123998
IVC 62 scf_8254631 1528 8420
IVD 53 scf_8254233 1682 4307
Rpt1 36 scf_8254678 16064 20818
Twi8.1 150 scf_8254552 88977 89131
Twi8.4 1 scf_8254428 46446 53361
Twi8.6 5.1 scf_8254486 383033 384878

Locus is the name of the locus as defined here (TASLs) or in
Couvillion et al. (2009) (others). Antisense bias is the ratio of sSRNA
counts derived from the antisense strand to sSRNA counts from the
sense strand observed in the data described in Figure 5. Scaffold,
start, and end describe the genomic location of the associated
locus as inferred from the sequencing of Twi8p-associated SRNAs.

TASL transcripts in the absence of Twi8p. We prepared total
RNA from conjugation of two wild-type or two ATWIS
strains at 0, 8, or 12 h post-mixing. Wild-type starved cells
or conjugating cell pairs accumulated only TASL-6 transcripts
barely detectable by Northern blot (Fig. 6, lanes 7-9). In
contrast, in ATWIS8 cells, transcripts were detected from all
TASLs except TASL-7 (Fig. 6, lanes 4—6 and 10-12). In starved
ATWIS cells, four TASL transcripts had increased abundance
(Fig. 6, lane 4; TASLs 1, 3, 4, and 5). These decreased in abun-
dance at 12 h post-mixing (Fig. 6, lane 6). On the other hand,
transcripts from TASL-2 and TASL-6 were maximal in
ATWIS cells at 12 h post-mixing (Fig. 6, lane 12). A relatively
low level of TASL-2 and TASL-6 transcription in growing cells
would account for why sRNAs from these two TASLs were
less abundant in the total cellular and Twi2p-bound sRNA
pools (Couvillion et al. 2009). Overall, we conclude that
Twi8p limits the expression or accumulation of TASL long-
noncoding (nc) RNA primary transcripts.

Macronuclear TASLs are required for vegetative growth

Using methods similar to those described for production of
ATWIS cells above, individual TASLs were targeted for dele-
tion in the macronuclear genome of strains CU428 and
SB1969. We attempted to individually replace representative
TASLs (TASL-2, TASL-3, and TASL-6) with a neomycin re-
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sistance cassette, removing the entire region of mapped
sRNA reads and ~300 bp on each side (Fig. 7A). Successful
TASL targeting was detected by Southern blot of genomic
DNA, but the targeted chromosome failed to replace the
wild-type chromosome even under high selective pressure
(Fig. 7B). In our experience, an essential protein-coding
gene will typically tolerate loss of copy number to about
half of wild-type, much more than was attained for any
TASL knockout over repeated attempts including use of an
alternate selection cassette (data not shown). We conclude
that the macronuclear TASLs are essential for vegetative
growth.

Curiously, the TASLs are distributed across all five micro-
nuclear chromosomes. To test the hypothesis of TASL
ncRNA transcript function in the micronucleus, we attempt-
ed to knock out individual TASLs in cells without a micronu-
cleus that lack the micronucleus integrity checkpoints.
Complete lack of micronuclear chromosomes in the amicro-
nucleate strain BI3840 allowed us to test macronuclear chro-
mosome assortment by multiplex PCR. One primer pair in
each reaction amplified TBPI as a normalization control
for genomic DNA input (Fig. 7C, control). The second prim-
er pair amplified a portion of the targeted TASL that would
be replaced by the drug resistance cassette. Therefore, the
amount of wild-type chromosome retention would be re-
flected in the amount of PCR product. To establish the sen-
sitivity of the assay, we performed PCR with genomic DNA
from TASL-2 AUP cells, using primers within the upstream
region that was eliminated from the macronucleus (see be-
low). PCR signal for the TASL decreased substantially
because only the wild-type TASL in the micronucleus provid-
ed template for PCR amplification (Fig. 7C). For the TASL
knockout attempts in the amicronucleate strain, none were
successful in substantially replacing the TASL with a drug re-
sistance cassette (Fig. 7C). These findings suggest that the es-
sential function of TASLs in vegetative growth does not
involve micronuclear chromosomes.

Next, we attempted to eliminate specific regions within a
TASL by gene replacement (Fig. 7D). We generated targeting
constructs that replaced either 800 bp upstream of the

CU428: wild-type  ATWIS Cu428: wildtype  ATWIS
X X X X X X
SB1969:  wild-type ATWIB SB1969: wild-type ATWI8
hours post-mixing: 0 8 12 0 8 12 ., 0 8 12 0 8 12 .y
N 13 0.7
TAsL| ) TASL-2

1 2 3 4 5 6

FIGURE 6. TASL long-ncRNAs have increased accumulation in the ab-
sence of Twi8p. Northern blots of TASL transcript accumulation across
time courses of wild-type or ATWIS cell conjugation. The sizes of tran-
scripts detected by Northern blot roughly match the length of the read
mapping regions.
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FIGURE 7. TASLs are genetically essential for vegetative cell growth. (A) Schematics of TASL dis-
ruptions. NEO4 indicates a paromomycin resistance cassette. (B) Southern blots detecting failure
of macronuclear TASL knockout. KD indicates knockdown rather than knockout of each macro-
nuclear TASL in independently selected cells isolated as clonal cell lines prior to release from se-
lection. WT and KO indicate the positions of digested genomic DNA expected for wild-type and
targeted loci, respectively. (C) Failure of macronuclear TASL knockout in a strain lacking a mi-
cronucleus. Following drug selection and back-assortment, genomic DNA was used as a template
for multiplex PCR reactions containing primer pairs for a control locus (top product) and the tar-
geted TASL (bottom product). Loss of TASL copy number would reduce the TASL PCR product.
(D) Schematic of TASL-2 regions targeted for deletion. (E,F) Schematics and Southern blots of
macronuclear TASL-2 targeting for upstream, transcript, or transcript hairpin deletion.

(TASL-2 AHP) and placed the blasticidin
resistance cassette 800 bp downstream
from the predicted TASL transcript
(Fig. 7F, left). Following selection, wild-
type and deletion chromosomes were
detected by Southern blot (Fig. 7E, F).
The TASL-2 ATX chromosome could not
fully replace the wild-type chromo-
some, but in contrast, TASL-2 AUP did
completely replace wild-type TASL-2
(Fig. 7E). TASL-2 AHP also completely
replaced TASL-2 (Fig. 7F), contrary to
expectation if this distinctive feature of
TASL transcripts gave the TASL ncRNAs
an essential function. Surprisingly,
TASL-2 AUP and TASL-2 AHP cells re-
tained TASL-2 ncRNA expression detect-
able by RT-PCR (data not shown).

TASL sRNAs are required for sexual
reproduction

We proposed that the TASL-transcript
hairpins are determinants for RDRC
recruitment and sRNA  biogenesis
(Couvillion et al. 2009). To test this hy-
pothesis, we assayed for sRNAs from
TASL-2 by Northern blot in TASL-2
AHP cells. The most abundant TASL
sRNAs are the phased, antisense-strand
sRNAs carried by Twi2p (Couvillion
et al. 2009). Oligonucleotide probe com-
plementary to a Twi2p-bound TASL-2
sRNA detected 23- to 24-nt sRNA in
ATWIS8 cells but no sRNA in TASL-2
AHP cells (Fig. 8A). This suggests that
TASL transcript hairpins are indeed de-
terminants of SRNA biogenesis.

We used TASL-2 AHP cells of different
mating types to investigate whether loss
of TASL sRNAs has the same phenotype
as loss of Twi8p. We mated two wild-
type, two TASL-2 AUP or TASL-2 AHP
strains, and also wild-type with TASL-2
AUP or TASL-2 AHP. All combinations
formed cell pairs (data not shown).
Paired cells were scored for completion
of conjugation at 24 h post-mixing.
Only the conjugation of two TASL-2
AHP strains failed to produce exconju-
gants with the wild-type end-point of

predicted TASL-2 transcript (TASL-2 AUP) or the predicted ~ two macronuclei and one micronucleus (Fig. 8B). The ma-
transcript itself (TASL-2 ATX) with a blasticidin resistance  jority of paired TASL-2 AHP cells arrested early in zygotic nu-
cassette (Fig. 7E, left). We also generated a targeting construct ~ clei differentiation, paralleling the Twi8p loss-of-function
that removed the predicted hairpin of the TASL-2 transcript ~ phenotype. We conclude that both Twi8p and the sRNAs
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FIGURE 8. TASL-2-derived sRNAs are required for completion of conjugation. (A) Northern
blots of sSRNAs derived from TASL-2 and TASL-3 RNAs. Total RNA was collected from starved
cultures of the listed strains and enriched for sSRNAs by collecting the flow-through following cen-
trifugal concentration. Enriched populations of sSRNAs were resolved on a denaturing acrylamide
gel and electrotransferred to a nylon membrane. TASL-2 and TASL-3 sRNAs were detected using
oligonucleotide probes antisense to the single most abundant sSRNA from each locus as deter-
mined from the data presented in Figure 5. All lanes are cropped from the same exposure of
the same blot. (B) Mating progression of conjugating pairs bearing TASL-2 modifications.
Starving cultures of the listed cells were mixed and allowed to pair and progress through conju-
gation. Twenty-four hours after mixing, conjugating pairs were collected, fixed, and stained with
DAPI to determine progression through conjugation. Progression was determined using the cat-
egories and criteria established in Figure 2. At least 100 cells were counted from each cross.

loaded to Twi8p are essential for sexual reproduction, but
only for sexual reproduction. In contrast, the DNA loci
that generate Twi8p-bound sRNAs are also essential for asex-
ual growth. Furthermore, individual TASLs have nonredun-
dant functions: Loss of sRNAs from even a single TASL
imposed the complete failure of sexual reproduction, and de-
creased DNA copy number of even a single TASL was delete-
rious for asexual cell growth.

DISCUSSION

Like other organisms, Tetrahymena generates more piRNAs
with transposon-derived than unique-locus sequence (Lee
and Collins 2006; Iwasaki et al. 2015). However, specializa-
tion among Tetrahymena Piwi proteins allowed us to resolve
their functions in transposon control from a distinct function
at ncRNA loci. Our findings suggest the possibility of broader
activities for eukaryotic Piwi proteins in general.

Biogenesis of Tetrahymena 23- to 24-nt sRNAs
and RNPs

Tetrahymena Dcr2p cleaves RDRC-synthesized dsRNA to
generate 23- to 24-nt sRNAs (Lee and Collins 2007). The
transcripts degraded by Dcr2p are determined by three
RDRCs, all sharing the catalytic subunit Rdrlp. Rdrlp as-
sembles with the mutually exclusive, paralogous, polyuridine
polymerase subunits Rdnlp and Rdn2p, and Rdnlp recruits
the mutually exclusive, paralogous subunits Rdf1p and Rdf2p
(Lee and Collins 2007; Lee et al. 2009). To account for the cel-
lular specificities of Twi-protein sSRNA loading, based on this
study and previous work, we propose that the Rdfl RDRC
generates dsRNA loaded to Twi8p (Fig. 9A, right), possibly
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RDFI1 did not eliminate any type of
sRNA abundant enough to detect by
Northern blot or bulk sSRNA sequencing
(Couvillion et al. 2009). These pheno-
types match expectation for a deficiency
of Twi8 RNP biogenesis. Therefore, we
suggest that a pathway initiated by the
Rdf1 RDRC loads Twi8p with sense and
antisense strands of TASL primary tran-
scripts (Fig. 9A, left). The small pool of
Twi8p-bound sense and antisense pseu-
dogene-derived sRNAs suggests that
with low efficiency, the Rdfl RDRC rec-
ognizes other primary transcripts including those of PGC
family I, which could form hairpin structures in their degen-
erate repeat regions (Lee and Collins 2006). RDFI mRNA lev-
el is relatively low in early conjugation (Lee et al. 2009),
paralleling levels of TWI8 mRNA assayed in this work.

RDEF2 knockout eliminates the abundant Twi2p-bound
TASL sRNAs that are exclusively antisense to the primary
transcript and phased (Couvillion et al. 2009). Thus, TASL
transcripts not acted on by the Rdfl RDRC are eliminated
in the cytoplasm by the Rdf2 RDRC (Fig. 9A, center).
RDF2 knockout cells are viable for vegetative growth, and pa-
rental RDF2 is not required for sexual reproduction (Lee et al.
2009). This is consistent with the lack of vegetative growth or
sexual reproduction phenotype upon knockout of TWI2 or
the entire TWI2-TWI6 locus in parental macronuclei
(Couvillion et al. 2009) (additional data not shown). In the
absence of the Rdf2 RDRC, aberrant transcripts that reach
the cytoplasm are likely degraded by nonsense-mediated
mRNA decay.

RDN2 knockout dramatically reduces Twi2p-bound pseu-
dogene-derived sSRNAs that are antisense to the primary tran-
script (Fig. 9A, right) (Couvillion et al. 2009). Some PGC
transcripts may also be degraded by the Rdf2 RDRC (Fig.
9A, dashed arrow), based on more comprehensive PGC
sRNA loss in cells with combined RDN2 and RDF2 knockout
(Couvillion et al. 2009; Talsky and Collins 2012). RDN2
mRNA level is maximal during sexual reproduction (Lee
et al. 2009). Like RDF1 and TWI8, RDN2 macronuclear
gene knockout cells are viable for vegetative growth but arrest
in sexual reproduction after generation of four zygotic nuclei
(Lee et al. 2009). Because TWI2 is not essential for sexual re-
production, the critical function of the Rdf2 RDRC is likely to
be transcript degradation. We suggest that the enormous
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atypical in the gene-dense macronuclear
genome streamlined by DNA elimination
(Coyne et al. 2008). It will be of future in-
terest to determine how TASLs are tran-
scribed, how sRNAs from each TASL
come to be equally represented in the
Twi8p-bound sRNA pool, and whether
Twi8 RNPs act on TASLs or their tran-
scripts through sSRNA base-pairing.

The genetically essential role of Twi8p
is in sexual reproduction. Mitotic divi-
sions of the zygotic nucleus give rise to
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FIGURE 9. Proposed functions for Twi proteins in DNA amplification and elimination. (A)
Model for the pathways of Tetrahymena 23- to 24-nt sSRNA biogenesis and RNP assembly, as de-
scribed in the Discussion. (B) Current model of possible Tetrahymena nuclear Piwi protein func-
tions in sexual reproduction. N indicates germline chromosome copy number while C indicates
macronuclear chromosome copy number. Which process(es) in early zygotic macronucleus dif-
ferentiation are directly influenced by Twi8p and/or Twi8 RNPs is not yet known.

amount of nongenic transcription in early sexual reproduc-
tion obliges a clean-up system that the Rdf2 RDRC provides.

Functions of Twi8p and TASLs

The accumulation of TASL ncRNA transcripts increases in
the absence of Twi8p, shown here, or the absence of
the Rdf2 RDRC that loads Twi2p (Couvillion et al. 2009).
Neither Twi8p nor Twi2p has the active site amino acids re-
quired for endonucleolytic cleavage activity (Liu et al. 2004;
Couvillion et al. 2009). We suggest that the Twi8p- and
Twi2p-dependent decrease in TASL transcript levels occurs
largely due to sRNA-biogenesis: Rdfl RDRC degradation
of TASL transcripts loads Twi8p with balanced levels of
sRNAs from each TASL, and any remaining TASL transcripts
are degraded by Rdf2 RDRC loading of Twi2p (Fig. 9A).
Additionally, if Twi8p RNPs have an effector function, they
could decrease TASL transcript levels by cotranscriptional si-
lencing (Guang et al. 2010). TASLs have genome neighbor-
hoods devoid of nearby mRNA expression that are highly

8C ~12C
e —

dergoing DNA elimination and chromo-
some breakage followed by additional
amplification (Fig. 9B). The conjugation
arrest point for ATWIS cells is earlier
than typical for cells mutant in hetero-
chromatin assembly factors, because
ATWIS pairs retain parental macronuclei
instead of destroying them. Several lines
of evidence support the conclusion that
zygotic function of Twi8 RNPs is fulfilled
by RNPs assembled in a parental
macronucleus. First, TWI8 mRNA ex-
pression is low in early conjugation
from both parental and zygotic nuclei.
Second, the 2’O-methylation of Twi8p-
bound sRNA 3’ ends would decrease their biological turnover
(Yu et al. 2005; Couvillion et al. 2009; Kurth and Mochizuki
2009). Third, the Twi8p-associated sRNA pool does not
change in composition across the Tetrahymena lifecycle.

At the molecular level, one possible model for Twi8 RNP
function is to license the micronucleus-length chromosomes
for macronucleus differentiation. It is perhaps not a coinci-
dence that all five micronuclear chromosomes have at least
one of the seven TASLs. Micronuclei can lose entire chromo-
somes in vegetative growth, since phenotypic selection is
only on macronucleus genome content. Twi8 RNPs could
satisfy a checkpoint for germline genome integrity, or they
could function directly to trigger a process such as endorepli-
cation. A mechanism of ncRNA-targeted DNA replication
initiation has been previously proposed for Tetrahymena
rDNA chromosome amplification (Mohammad et al. 2007).

Unlike the germline genome, the somatic genome does not
have a TASL on every chromosome. Thus it was surprising
that even an individual TASL could not be substantially de-
creased in copy number in the macronucleus of cells in

extra MIC
removal
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vegetative growth. It seems unlikely that targeting of each
TASL disrupted the function of an adjacent gene. Instead,
the TASLs themselves appear to have an essential function.
In retrospect, a mechanism that obliged retention of each
TASL at high copy number would ensure that progeny of sex-
ual reproduction inherit Twi8 RNPs with sRNAs from every
TASL. The growth-essential function of TASLs could be
linked to the dsRNA binding protein Drb2p, which forms
foci in macronuclei that could be at TASLs (Motl and
Chalker 2011). Like TASLs, Drb2p is essential in vegetative
growth and sexual reproduction (Motl and Chalker 2011).
Loss of zygotic-nucleus DRB2 arrested conjugation prior to
DNA elimination and chromosome fragmentation but after
paired cells separated to exconjugants. Morphologically this
is a later arrest point than in ATWIS cells, but the difference
could be due to some Drb2p expression in early conjugation
from the wild-type parental macronuclei of the germline-
genome knockouts. We suggest that TASLs provide an
opportunity to understand the biological function(s) of
dsRNA in and beyond its roles in epigenetic inheritance.

MATERIALS AND METHODS

Strain construction and culture

Strain construction used established methods (Chalker 2012;
Couvillion and Collins 2012). The N-terminal ZZF-Twi8p tag was
introduced to the TWI8 locus with a BSR2 cassette upstream of
the predicted TWI8 promoter. The TWI8 knockout construct
replaced exons 4 and 5 of TWI8 with a BSR2 cassette. The initial
TASL knockout constructs replaced the sequence with mapped
sRNA reads and ~300-bp flanking sequence on both sides with
either a BSR2 or NEO4 cassette. Additional TASL-2 deletion con-
structs replaced either the sequence to which sRNAs mapped
(TASL-2 ATX) or 800 bp upstream of that sequence (TASL-2
AUP) with a BSR2 cassette. The TASL-2 AHP deletion construct re-
moved the predicted hairpin sequence and inserted a BSR2 cassette
800 bp downstream from the predicted hairpin. Each construct was
introduced by biolistic transformation. Following transformation,
maximal assortment to the recombinant chromosome was per-
formed by growth in increasing concentrations of either blasticidin
(for BSR2 cassette) or paromomycin (for NEO4 cassette). Individual
cells were picked from maximal selection to establish clonal cell
lines, which were returned to vegetative growth without selection.
Cells were cultured for vegetative growth in 0.25% proteose pep-
tone, 0.25% yeast extract, and 0.5% glucose supplemented with 10
uM FeCl, at 30°C with shaking. For conjugation, cells were harvest-
ed in log phase of vegetative growth, transferred to starvation medi-
um (10 mM Tris, pH 7.5), diluted to 200,000 cells/mL, and
maintained at 30°C with shaking for between 16 and 24 h. To initiate
conjugation, equal volumes of cells of two mating types were mixed
and maintained in cultures <1 cm deep at 30°C without shaking.

Viability test for progeny of sexual reproduction
Cells were mated as above and transferred to 2% proteose peptone,

0.2% yeast extract, 0.2% glucose supplemented with 10 pM FeCl, at
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24 h post-mixing. After 24 h of growth at 30°C, cells were diluted
1:50 with either the same media or the same media supplemented
with 15 pg/mL cycloheximide. Only cells with a functional zygotic
macronucleus will have a cycloheximide-resistant phenotype.
Viability was scored after 3 d of culture in cycloheximide by count-
ing live cells.

Nucleic acid detection

M-element PCR detection was performed as previously described
(Mochizuki et al. 2002). Detection of the rDNA intermediate was
performed as previously described (Pan and Blackburn 1981). For
Northern blots of total cellular RNA, 20 pg of TRIzol-purified
RNA per sample was resolved on a formaldehyde agarose gel and
transferred to nylon membrane. The ladder was trimmed from
each membrane and visualized by methylene blue staining. For
Southern blots, the DNA marker ladder was detected by ethidium
bromide staining of the gel pre-transfer. Southern and Northern
blot probes for mRNA detection were made by random-hexamer
priming using a PCR product as template. For Northern blot detec-
tion of SRNAs, total RNA samples were enriched for sSRNAs by col-
lecting the flow-through from centrifugal concentration using a
Millipore Microcon 10K spin column, ethanol precipitated, resolved
by denaturing PAGE, transferred to nylon membrane, and detected
with 5-end-radiolabeled DNA oligonucleotide. To detect TASL
knockouts in the amicronucleate strain BI3840, we used multiplex
PCR. Twenty-five nanograms of genomic DNA was used in a
50 pL reaction containing the following: 1x Q5 reaction bulffer,
0.2 mM dNTPs, 0.5 units Q5 polymerase, and 0.25 uM each of
forward and reverse primers amplifying TBPI and the replaced re-
gion of the targeted TASL. Thirty-five cycles of amplification were
performed with the following parameters: 30 sec denaturation at
95°C, 30 sec annealing at 61°C, and 30 sec extension at 72°C. PCR
products were resolved on a 1.5% agarose gel.

Cell staining

Cells were fixed for immunofluorescence as previously described
(Nelsen et al. 1994). Briefly, cells were harvested by centrifugation
and resuspended in residual buffer. Tubes were transferred to ice
and incubated for 2 min, at which point ice-cold 50% EtOH/0.2%
Triton X-100 was added. Cells were fixed for 5 min on ice, washed
with 1x TBS (20 mM Tris—HCI at pH 7.4, 150 mM NaCl)/0.1%
bovine serum albumin twice, and incubated with primary antibody
at 4°C overnight. Fixed cells were washed twice with 1x TBS/0.1%
bovine serum albumin and incubated with secondary antibody for
2-3 h at room temperature. Cells were then washed twice more,
resuspended in Vectashield (Vector Laboratories) supplemented
with 25 ng/mL DAPI, and spread on slides for microscopy.
Imaging was performed on a Zeiss Axioimager M1 widefield micro-
scope with epi-illumination outfitted with a Hamamatsu C8484
camera. Staining for ZZF-Twi8p was performed with mouse anti-
Flag antibody (1:100 dilution, Sigma F1804), staining of Pddlp
was performed with rabbit anti-Pdd1p antibody (1:250 dilution,
Abcam ab5338), and staining of H3K9me3 was performed with
rabbit anti-H3K9me3 antibody (1:500 dilution, Millipore 07-442).
Either goat anti-rabbit (Life Technologies A-11008) or goat anti-
mouse (Life Technologies A-11029) secondary antibodies labeled
by Alexa Fluor 488 were used at a 1:1000 dilution.
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For DAPI staining only, cells were fixed as previously described
(Loidl et al. 2012). Briefly, cells were collected in centrifuge tubes
then Triton X-100 and formaldehyde were added to final concentra-
tions of 0.5% and 3.7%, respectively. Cells were fixed with rotation
at room temperature for 30 min, centrifuged, and resuspended in
4% paraformaldehyde with 3.4% glucose. Cells were spread on a mi-
croscope slide and allowed to dry. Following rehydration in 1x PBS
(10 mM sodium phosphate at pH 7.4, 150 mM NaCl, 0.5 mM
MgCl,), cells were stained with 25 ng/mL DAPI and imaged using
the microscope described above.

RNP affinity purification, sRNA cloning, and
bioinformatic analyses

Affinity purification of ZZF-Twi8 RNPs was performed as previous-
ly described (Couvillion and Collins 2012). Briefly, cells were col-
lected by centrifugation (cells in vegetative growth were washed
briefly into starvation medium) and lysed by the addition of 20
mM Tris at pH 8.0, 50 mM NaCl, 1 mM EDTA, 10% glycerol
(T2EG50) supplemented with 0.2% Igepal CA-630, 0.1% Triton
X-100, 5 mM DTT, 5 uM MG-132, 0.1 mM phenylmethanesulfonyl
fluoride, and 1x Sigma Protease Inhibitor. Lysates were cleared by
ultracentrifugation and incubated with IgG agarose, followed by
agarose washing with T2EG50 + 0.1% Igepal + 1 mM DTT. Bound
Twi8 RNPs were eluted by cleavage with Tobacco Etch Virus prote-
ase, and the eluate was incubated with Flag M2 antibody resin.
Unbound protein was washed away with T2EG50 + 0.1% Igepal +
1 mM DTT. Bound Twi8 RNPs were eluted by triple-Flag peptide.

Purified sSRNAs were collected by phenol-choloroform extraction
followed by ethanol precipitation. Size selection of purified sSRNAs
was performed by denaturing PAGE. sRNAs were prepared for
Solexa sequencing as previously described (Malone et al. 2012).
Briefly, IDT miRNA cloning linker 1 (Modban) was ligated to the
3’ end of the purified sRNAs using T4 RNA ligase, truncated,
K227Q (NEB). Ligations were incubated at 16°C overnight to min-
imize the impact of 3'-terminal 2’O-methylation on the sRNAs
(Munafo and Robb 2010). Ligated sRNAs were purified by denatur-
ing PAGE and collected by ethanol precipitation. The sequencing
adaptor was ligated to sSRNA 5" ends by T4 RNA ligase 1, and the
intended products were gel-purified and collected by ethanol pre-
cipitation. Doubly ligated sRNAs were reverse-transcribed with
Superscript III, and NEBNext multiplex adaptors were added by
PCR. Library insert size was checked by Bioanalyzer. Libraries
were pooled and sequenced on an Illumina HiSeq 2000.

The six libraries yielded an average of 4.9 million reads (high:
CU428-starving, 5.9 million; low: SB1969-conjugating, 2.8 million).
Reads that passed the internal Solexa filters had their adaptor
sequences trimmed using fastq-mcf (https://expressionanalysis.
github.io/ea-utils/) with the following parameters: -L 30, -k 0.
Reads were then mapped to the 2008 assembly of the Tetrahymena
macronuclear genome (Coyne et al. 2008) and the v2 assembly of
the Tetrahymena micronuclear genome (http:/www.broadinstitute.
org/annotation/genome/Tetrahymena/MultiHome.html) using
Bowtie2 (Langmead and Salzberg 2012) and the following parame-
ters: —phred33 —local —very-sensitive. Reads with internal mismatch-
es were not considered for further analysis, but because many
studies indicate that Tetrahymena sRNAs can have a 3’ end nucleo-
tide that is not genome-encoded, we used a local alignment to allow
for mismatches at read ends. Each of the libraries had low sequence

diversity, with an average of 76,435 unique reads per library (high:
SB1969-starving: 103,207 unique reads; low: SB1969-conjugating:
26,915 unique reads). The vast majority of reads mapped to se-
quences retained in the macronucleus (99%-100%; high: CU428-
vegetative, 99.7%; low: SB1969-conjugating, 98.9%).

Predicted hairpin sequences were identified using RNALfold
from the ViennaRNA Package 2 (Lorenz et al. 2011) and the follow-
ing parameters: -L 150 —noLP. This searched for local secondary
structures within a 150-nt window and disallowed the formation
of structures containing single base pairs.

DATA DEPOSITION

sRNA RNA-seq data sets are available at the NCBI Sequence Read
Archive, BioProject accession ID PRINA306046.
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Supplemental material is available for this article.
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