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Abstract: The conjusome plays an important role in the conjugation events that occur in Tetrahymena
thermophila. The conjusome appears in the anterior of conjugant pairs during the early stages of new
macronuclei (anlagen) development. It lacks a membrane, and is composed of a network of fibrous,
electron dense material, containing background cytoplasm and ribosomes. Several proteins localize
to this organelle, including Pdd1p, a chromodomain protein that participates in the formation of
chromatin-containing structures in developing macronuclear anlagen, and is associated with the
elimination of specific germ-line sequences from developing macronuclei. Conjugants lacking the
PDD1 allele in the parental macronucleus do not show Pdd1p antibody staining in conjusomes.
Investigations were performed using mutant cell lines, uniparental cytogamy and drug treatment,
and show that the conjusome appears to be dependent on parental macronuclei condensation,
and is a transitory organelle that traffics nuclear determinants from the parental macronucleus to
the developing anlagen. These data, taken together with Pdd1p knockout experiments, suggest
the conjusome is involved in the epigenetic phenomena that occur during conjugation and sexual
reorganization. This is likely a conserved organelle. Conjusome-like structures were also observed in
another Ciliate, Stylonichia. In general, conjusomes have features that resemble germ line P-granules.
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1. Introduction

The dikaryotic nature of ciliophoran protozoa involves two distinct, differentiated
nuclei, macronuclei (anlagen) and micronuclei, positioned side by side in a common cyto-
plasm. These two nuclei have very different structures, organizations and functions to the
cell. The diploid micronucleus is mostly transcriptionally inactive, and during vegetative
growth, its genome is in a transcriptionally incompetent state [1,2]. The micronucleus is
analogous to the animal germ line, in that it is reserved to be a source of genomic materials
during sexual events. The polyploid macronucleus is transcriptionally active, governing
most of the phenotype of the cell, and is analogous to the animal soma line in that it is
discarded during sexual events [3]. In Tetrahymena, sexual nuclear reorganization involves
the condensation and eventual destruction of the existing parental macronucleus. The
micronucleus undergoes a standard lower eukaryotic meiosis, followed by loss of all but
one meiotic product, which then divides by mitosis. Reciprocal exchange of haploid gamete
nuclei with the conjugation partner is followed by fertilization, producing a diploid zygote
nucleus in each cell. Mitotic products of the zygote nucleus eventually differentiate into
new macro- and micronuclei in each partner of the conjugation. The spatial signaling cues
leading to this nuclear differentiation at the anterior and posterior of the cells have yet to
be determined.

The micronuclear version of the genome consists of chromosomes in which the coding
sequences of the genes are segmented by intervening non-coding sequences, the Inter-
nal Eliminated Sequences (IES) [4-6]. In the developing anlage, the chromosomes are
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fragmented and the IES are discarded. Selected remaining fragments are arranged into
functional genes, capable of transcription, telomerized and amplified to produce a nucleus
with a DNA content of approximately 45-60 C (with C being the amount of DNA in a
haploid set of unreplicated chromosomes). These genomic rearrangments during macronu-
clear differentiation create expression-competent forms of the genes by deletion of the
non-coding IES, followed by ligation of the coding sequences of DNA [7]. Approximately
15% of the unique micronuclear sequences are eliminated during this processing [8]. The
pattern of programmed DNA elimination exhibits epigenetic inheritance, with the elim-
ination of sequences dependent on the pre-existing rearrangements within the parental
macronucleus [9-11]. Tetrahymena has been an important model system for investigating
the mechanisms underlying this epigenetic transgenerational inheritance [12,13]. Since the
parental macronuclear and micronuclear chromosomes never directly interact with one
another, the molecular signals that mediate the processing in the developing macronuclei
must be transmitted from the parental macronucleus to the new macronucleus through
the cytoplasm.

Piwi-like small RNAs regulate the elimination of germline-limited sequences, includ-
ing transposable elements, minisatellites and IESs during the development of the new
macronucleus [14,15]. Oxytricha piRNAs act in the opposite way to the scnRNAs of Parame-
cium and Tetrahymena, retaining targeted sequences rather than eliminating them. The
piRNAs in Tetrahymena resemble those of the germlines of animals, though in metazoans
they often direct transcriptional silencing and heterochromatinisation of transposable ele-
ments [16]. In C. elegans, loss of the P-granules upregulates silencing by small RNAs against
hundreds of endogenous germ line genes by pi-RNAs, suggesting that P granules protect
germline transcripts from piRNA-initiated silencing [17].

We have previously reported the discovery of a unique organelle, the conjusome,
which looks morphologically similar to P granules and appears during the time in conjuga-
tion when the developing macronuclei are differentiating [18]. Initially, the conjusome was
found to contain the chromodomain protein, Pdd1p, which is also found in both parental
macronuclei and developing anlagen. GFP-tagged versions also localize to the conjusome
in a developmentally regulated manner [19]. The proteins encoded by the LIA (localized in
macronuclear anlagen) genes, including Lial, Lia3 and Lia5, also target the conjusome [20].
Of note, these proteins were expressed by targeting the constructs to the parental macronu-
cleus, with the proteins initially expressed in the parental macronucleus and then in the
conjusomes, followed by the developing anlagen. In other studies, Tetrahymena Chromod-
omain protein 1 (Ted1) colocalized with histone 3 Lys-9 trimethylation (H3K9me3) and
Pdd1p in the developing macronuclei and within the conjusomes [21]. These proteins
are all strongly implicated in the regulation of the genome rearrangements, leading to
the targeted elimination of germline-limited IESs, and are all apparently shuttling from
the parental macronucleus to the conjusome and then the developing macronuclei, as
initially proposed for Pdd1p [18]. The movement of molecules is not limited to proteins,
as scan RNAs (scnRNAs) move both from the micronucleus to the parental macronuclei
and from the parental macronuclei to the developing macronuclei [22-24]. Once in the new
macronucleus, they guide heterochromatin formation and the methylation of histone H3 at
lysines 9 and 27, and the accumulation of Heterochromatin Proteins (HP1) which contain
chromodomains [25-28].

Here, we have analyzed the dynamics of conjusome activity by tracing the relative
appearance and localization of Pdd1p in conjugating Tetrahymena using conjugation mutants
and after different treatments that abort conjugation at various stages. The progress of the
Pdd1p protein from one organelle to the next is remarkable in light of the newly emerging un-
derstanding of a molecular mechanism for the epigenetic process of macronuclear inheritance.
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2. Materials and Methods
2.1. Cell Culture Conditions

Two genetically marked strains of Tetrahymena thermophila Nanny & McCoy, 1976, [CU
427 (Chx/Chx[cy-s]VI) and CU 438 (Pmr/Pmr[pm-s]IV)] were used for all experiments
involving wild type cells. The genetically marked strains CU 427 (Mpr/Mpr[6-mp-s]VI)
and CU 428 (Chx/Chx-[cy-s]VII) were used for all experiments involving the PDD1 gene
knock out [29]. Defective “star” strains were of the A strain (III) [30]. Cells were grown to
densities of 250,000-500,000 cells/mL in proteose peptone and yeast extract medium (PPY),
and starved in Dryl’s solution [31] for 18-24 h prior to mixing. In order to induce cells to
be sexually reactive, equal numbers of cells of complementary mating type were mixed
following starvation. Mating efficiency (greater than 80-90% pairing) and kinetics similar
to those previously described [32] were observed in all experiments. All time points refer
to the time in hours from the mixing of complementary mating types.

2.2. Cytogamy and Environmental Shock

Uniparental cytogamy was induced by the procedure described by [30]. A hyperos-
motic shock was delivered to mating cells by adding 150 uL of 20% glucose to 2.0 mL of
mating cells (final concentration = 1.4%). After 45 min, the cytogamous conjugants were
diluted first 1:10 in distilled water and subsequently resuspended into Dryl’s solution.

2.3. Drugs

Cycloheximide (Sigma) was administered at selected times during the conjugation at
concentrations of 10 ug/mL, which completely blocks protein synthesis [33]. Aphidicholine
(Sigma) was administered at selected times during conjugation at 10 ug/mL, inhibiting
DNA replication as assayed by DAPI staining. More than 100 conjugants were examined
for each condition.

2.4. Microcompression and Light Microscopy

Living, conjugating cells were picked individually at appropriate times with mi-
cropipette, and were placed into a microcompressor [34,35]. Immobilized, microcom-
pressed conjugants were examined using high-resolution Nomarski D.I.C. or Zernike phase
contrast optics on an Olympus BH2 microscope.

2.5. Immunofluorescence

All cells were prepared for immunostaining as previously described [36], with the
following modifications: after fixation and resuspension in methanol, cells were washed
twice in phosphate buffered saline (PBS) and then stored overnight in PBS with 2% bovine
serum albumin (BSA). Cells were incubated for one hour the following day at room
temperature with immune or preimmune rabbit serum (appropriately diluted in PBS with
2% BSA according to the titer of the immune serum). The cells were then washed twice in
PBS followed by a one-hour incubation in Cy3-conjugated goat anti-rabbit serum (Sigma).
For DNA staining, 0.1 mg/mL DAPI in distilled water was added to the cell suspension
after immunolabeling, and the excess was then washed out with PBS before mounting. The
specificity of the primary antibody to Pdd1p has been demonstrated in previous reports [37].
Labeled cells were resuspended in 150 uL of PBS, mounted on slides and examined using
an Olympus BH2 microscope with an epifluorescence illumination system mounted with
standard ultraviolet and green fluorescent protein filter sets.

3. Results
3.1. Analysis of Progeny Derived from Uniparental Cytogamy (UPC)

We set out to examine the consequences of conjusome development under a variety
of experimental conditions that altered conjugation events at various stages. In this UPC
protocol, a wild-type strain was mated to a star strain partner. A star strain has a defective
micronucleus, and is unable to contribute pronuclei for exchange and fertilization [30].
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An osmotic shock was delivered at 5.75 h after mixing, which aborts the transfer of the
pronucleus to the star strain, resulting in self-fertilization (cytogamy) in approximately
95% of the wild-type cells [30]. We specifically selected for pairs in which the wild type
cell underwent cytogamy. Wild-type cytogamonts showed normal nuclear development;
this included the appearance of conjusomes at the appropriate time (Figure 1A). In those
pairs where the wild-type partner had undergone cytogamy, the star cell ceased nuclear
development, as it had no pronucleus and did not receive one (Figure 1B). Two interesting
features were apparent in the star cell partners: the existing parental macronuclei condensed
even though no nuclear developmental program had been initiated; and conjusomes were
present at the same time as in the wild type partner (Figure 1A,B).

Figure 1. Conjugant pairs fixed at 7 h showed conjusome (C) staining to antibodies directed against
Pdd1p in each cell (A). DAPI staining of the same pair revealed cytogamy had occurred in the left
cell, while development was aborted in the right (B). The parental macronucleus (M) condensed in
the star cell as well. Anlagen (A) are beginning to swell, while micronuclei (Mic) in the posterior are
smaller. Bar is 5 micron.

3.2. Response of Cells to Cycloheximide or Aphidicholine Treatment

In an effort to further elucidate the conjusome and the movement of Pdd1p between
the organelles, various chemical treatments that affected nuclear divisions during con-
jugation were applied to cells. The protein synthesis inhibitor cycloheximide can block
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development in conjugation at various stages, presumably by inhibiting the synthesis of
proteins necessary for various steps in development. Since Pdd1p is initially localized in
the parental macronucleus, we blocked protein synthesis after Pdd1p should be present
in the parental macronucleus, but before the appearance of the conjusome. DAPI staining
of cells treated with cycloheximide at 4.5 h revealed that those cells rarely proceeded very
far through meiosis, and often had only a single micronucleus (not shown). On the other
hand, conjugants treated at 6 h often completed meiosis. Cells treated at 4.5 h and 6 h
into conjugation produced similar results when analyzed by Pdd1p antisera. With more
than 100 conjugants analyzed, greater than 75% showed heavy staining of the parental
macronucleus with Pdd1p, no parental macronuclear condensation and no evidence of
conjusomes (Figure 2A,B).

Figure 2. Multiple conjugant pairs treated at 6 h with cycloheximide and fixed at 8 h had the same
Pdd1p staining pattern as 4.5 h treated cells that were fixed at 8 h (A). Only parental macronuclei
stained positive for Pdd1p antibodies. DAPI staining revealed that cells completed meiosis (B). Bar is
20 microns.

Conjugant pairs were treated with aphidicholine at 3.5 h and 6.5 h after mixing. Pairs
treated and stained at 3.5 h failed to complete meiosis, much like the cycloheximide pairs
fixed at 4.5 h. The 3.5 h-treated cells, when fixed and examined at 6.5 h, were very similar
to the 4.5 h cycloheximide-treated cells when examined at 6.5 h. Cells treated with Pdd1p
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antisera stained the parental macronuclei (Figure 3A,B). There were no conjusomes visible
at this time. When 3.5 h treated cells were fixed and stained with Pdd1p antisera at 8 h, some
cells (less than 10%) did have conjusomes. Interestingly, there was an inverse relationship
between the intensity of Pdd1p staining in the parental macronucleus and the intensity
in the conjusomes (Figure 3C,D). The parental macronucleus in this case had undergone
condensation. Cells that completed the first postzygotic mitosis but were blocked at
the second postzygotic division by aphidicholine had two diploid nuclei (Figure 4A,B).
Interestingly, these conjugants looked very similar in nature to the cnj9 mutant, which
also fails to go through the second postzygotic mitosis (Figure 4C,D). We also examined
the cnj10 mutants [38] which showed a variety of nuclear defects. Conjusomes were not
observed; these cells did not display staining for Pdd1p in any nuclei that appeared to be
anlagen-like, and do not appear to undergo endoreplication as assayed by DAPI staining
(not shown).

Figure 3. Cont.
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Figure 3. Conjugants treated with aphidicholine at 3.5 h looked remarkably similar to 4.5 h cyclohex-
imide treated cells fixed at 8 h (A). DAPI staining revealed that the cells were blocked before meiosis
(B). These cells were fixed at 6.5 h. Bar is 20 microns. Aphidicholine-treated conjugants fixed at 8 h
often had localization of Pdd1p in both the parental macronuclei and conjusomes (C). Note the pair
with the asterisk (C,D). The parental macronucleus has condensed and no longer stains for Pdd1p in
the same cell which has a large conjusome (C). Bar is 20 microns.

3.3. Knockouts Have Conjusomes

The expression pattern of Pdd1p during conjugation has been documented in a number
of previous reports [18,37-41]. Pdd1p appeared in the parental macronucleus early in
conjugation, from 3 to 5 h. To investigate whether PDD1 transcription in the parental
macronucleus was required for conjusome formation or for Pdd1p in the conjusome, we
examined cells where the PDD1 gene was eliminated from the parental macronucleus, but
not the micronucleus [29]. Living mutant conjugants were examined prior to examination
of fixed specimens, and conjusomes were readily apparent by phase contrast optics while
cells were under microcompression (Figure 5A). However, no Pdd1p staining was observed
in any structures in the anterior of the cell lines containing the PDD1 gene disruption
(Figure 5B,C) before 7.5 h. Conjusomes and parental macronuclei did not show Pdd1p
staining. Pdd1p staining did appear at the proper time in the developing macronuclear
anlagen as a consequence of expression of the Pddl gene, derived from the germ line
source (Figure 5D,E). This provided further evidence that the Pdd1p typically found in the
conjusome is derived from the parental macronucleus.
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Aphidicholine Treatment

DAPI

Figure 4. Cells blocked at the second postzygotic mitosis resemble the cnj9 strain when fixed at 9 h.
Cells displayed a large conjusome (C) staining for antibodies directed against Pdd1p in each cell (A). The
same pair stained for DAPI showed the two zygotic nuclei in each cell that failed to undergo the second
postzygotic division (B). Bar is 5 microns. The cnj9 strain is blocked at the second postzygotic mitosis
and showed a large conjusome (C) staining for antibodies directed against Pdd1p in each cell (C). The
same pair stained for DAPI showed the two zygotic nuclei in each cell that failed to undergo the second
postzygotic division (D). Bar is 5 microns.
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Figure 5. Cont.
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DAPI

Figure 5. Phase contrast image of an 8 h conjugating pairs that had the PDD1 gene eliminated from
the parental macrounucleus. The parental macronucleus (M) had condensed and conjusomes (C)
were quite visible. Macronuclear anlagen were quite large at this time (A). PDD1 gene knockouts were
examined using antibodies directed against Pdd1p at 7 h (B). Parental macronuclei and conjusomes
did not show localization of Pdd1p. The same conjugant pair stained with DAPI showed that cells
had just finished the last postzygotic division (C). PDD1 gene knockouts were examined using
antibodies directed against Pdd1p at 9 h. Macronuclear anlagen showed localization to Pdd1p at the
proper time (D). The PDD1 knockout is lethal if cells proceed through conjugation. The same pair is
counterstained with DAPI (E).

3.4. Conjusomes Are found in Other Ciliates

We looked extensively for conjusomes in Paramecium tetraurelia, but they were not
detected at the light level and Pdd1p antisera did not label nuclei or any other structures
when examined by immunofluorescence. Interestingly, when we examined the hypotrich
Stylonychia lemnae, these exconjugants showed staining of both the parental macronuclei,
the developing macronuclei and conjusome-like structures (Supplementary Figure S1).

4. Discussion
4.1. Conjusomes Appear to Be Regulated by an Independent Pathway

In the UPC experiments reported here, the wild-type strain, containing a normal
micronucleus, underwent cytogamy and development, while the star partner, containing
a defective micronucleus, aborted sexual reorganization and further development. This
experiment assessed whether conjusomes would be present if fertilization and development
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did not proceed normally in the star cell. The wild-type cell that underwent cytogamy
showed what appeared to be a normal conjusome, as did the star partner. Interestingly, the
parental macronucleus in the star partner condensed and became pycnotic, even though
sexual reorganization did not occur. This data suggested that the signals required for both
conjusome development and parental macronucleus condensation were independent of
sexual reorganization and normal development. Furthermore, condensation of the parental
macronucleus appears to be sufficient for development of the conjusome. It is not clear
where the signal for parental macronuclear condensation originated, as cytoplasmic mixing
between the wild type and star partner could have occurred.

To rule out cytoplasmic transfer of a signal from one cell to another, we attempted
to block development in both conjugants. This was done by the addition of the DNA
replication inhibitor aphidicholine to the conjugants at 3.5 h and 6 h. Conjusomes were
sometimes present even though meiosis and fertilization did not take place. In some
instances, the parental macronuclei condensed after aphidicholine treatment, as in the
star strain. Like the two nuclei in the cnj9 mutant that failed to develop and remained
micronucleus-like, the conjugants treated with aphidicholine that failed to undergo the last
postzygotic mitosis had two nuclei that were not positive for Pdd1p antibodies and had very
large conjusomes, suggesting that those nuclei are either not competent to receive Pdd1p
from the conjusome, or that there is a signal for molecules to move from the conjusome to the
new macronuclear anlagen. The mutant cnj10 contained no conjusomes at all. Remarkably,
there did not appear to be any staining in the new macronuclear anlagen either. It is
possible the cnj10 mutation might be a defect in conjusome development, or there might be
a defect that leads to the loss of Pdd1p after its localization in the parental macronucleus.

4.2. Pdd1p Is Trafficking between Nuclei

Aphidicholine-treated cells fixed between 6.0 and 10 h gave compelling data sug-
gesting that Pdd1p is shuttling between old and new macronuclei, with the conjusome as
the reservoir while the protein is in transit. In some pairs, there was a slight delay in the
condensation of the parental macronucleus in one of the two cells of a conjugating pair. In
such a case, the conjusome was larger in the cell that had a Pdd1p-negative, condensed
macronucleus, suggesting shuttling of the Pdd1p from the parental macronucleus to the
conjusome. Blocking protein synthesis during conjugation did not affect staining of Pdd1p
in the parental macronucleus, though the parental macronucei did not condense, and
there did not appear to be conjusomes. This suggests that continued protein synthesis is
required for both condensation of the parental macronucleus and also the development of
the conjusome.

Elimination of the PDD1 gene from the parental macronucleus supported the hypoth-
esis that Pdd1p is being transported from the parental macronucleus to the conjusome. The
knockouts showed no staining of the parental macronuclei and no staining of the conju-
somes, yet conjusomes were clearly still present. Staining of the developing macronuclei,
which do contain the PDD1 gene, did occur at the appropriate time.

4.3. Conjusomes Might Be the Vehicles of Epigenetic Information

Numerous labs have now reported seeing conjusomes by imaging fluorescently la-
beled proteins that are involved in the elimination of germiline limited sequences, including
the Lia family of proteins and several chromodomain containing proteins critical for new
macronuclear development. Using microcompression, we were able to clearly see these
polarized organelles in living wild-type and PDD1 null cell lines using phase contrast
optics. This organelle has no membrane, and is likely similar in nature to other organelles
like the P-granules, which are thought to be biomolecular condensates. There is some
evidence mounting that the molecular glue holding these structures together could be
RNA molecules [42]. The conjusome appears to be an important hub for moving proteins,
but it is possible that non-coding RNAs containing information about which sequences
to eliminate from the developing macronuclear genome also shuttle through the conju-
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some. Interestingly, the conjusome is found in at least one other Ciliate, Stylonichia lemnae,
suggesting that this organelle has likely been overlooked in other protozoa.

How the conjusome assembles in the anterior of the conjugants and what role it
plays in macronuclear determination have yet to be determined, but it is clear that many
of the proteins involved in eliminating germ-line limited sequences pass through this
structure. Work from many labs has shown the elegant molecular dance that the nuclei play
during sexual reorganization, and the conjusome is yet one more partner demonstrating the
remarkable ability of organelles to assemble in space and time within the cytoplasm and to
signal to one another on cue. It is likely that the mechanisms regulating these processes will
help in our understanding of other genome arrangements and in the regulation of similar
organelles, like p-granules, which are critical for germ cell fate and occur in a wide range
of species.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/microorganisms11020418/s1, Figure S1: Stylonichia lemnae contain
conjusome-like structures.

Author Contributions: Conceptualization, C.J. and K.J.A.; methodology, C.J.; formal analysis, C.J.;
investigation, C.J.; resources, C.J.; data curation, C.J.; writing—original draft preparation, C.J.;
writing—review and editing, C.J. and K.J.A.; visualization, C.J.; supervision, K.J.A.; project adminis-
tration, C.J.; funding acquisition, C.J. All authors have read and agreed to the published version of
the manuscript.

Funding: Funding provided by a Texas A&M University Department of Biology research grant to C.].
No external funding was used in this study.

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: For further supporting materials including microscopy data, contact
the corresponding author or retrieve the publicly available dissertation of C.J. at https:/ /oaktrust.
library.tamu.edu/handle/1969.1/2 (accessed on 30 November 2022).

Acknowledgments: Christian Maerckel for testing antisera against Stylonichia lemnae and providing
conjusome images, Robert Coyne for sharing the PDD1 knock out strain and Eric Cole for sharing
the Cnj10 mutant cell line. The sharing of the Pdd1p antibodies from the C. David Allis lab were
invaluable to this work.

Conflicts of Interest: The authors declare no conflict of interest.

References

Ng, S.F. The somatic function of the micronucleus of ciliated protozoa. Prog. Protistol. 1986, 1, 215-286.

Prescott, D.M. The DNA of ciliated protozoa. Microbiol. Rev. 1994, 58, 233-267. [CrossRef] [PubMed]

Gorovsky, M.A. Genome Organization and Reorganization in Tetrahymena. Annu. Rev. Genet. 1980, 14, 203-239. [CrossRef]
[PubMed]

Chalker, D.L.; Yao, M.C. Non-Mendelian, heritable blocks to DNA rearrangement are induced by loading the somatic nucleus of
Tetrahymena thermophila with germ line-limited DNA. Mol. Cell. Biol. 1996, 16, 3658-3667. [CrossRef]

Duharcourt, S.; Keller, A.-M.; Meyer, E. Homology-Dependent Maternal Inhibition of Developmental Excision of Internal
Eliminated Sequences in Paramecium tetraurelia. Mol. Cell. Biol. 1998, 18, 7075-7085. [CrossRef]

Hamilton, E.P; Kapusta, A.; Huvos, P.E.; Bidwell, S.L.; Zafar, N.; Tang, H.; Hadjithomas, M.; Krishnakumar, V.; Badger, ]. H.; Caler,
E.V,; et al. Structure of the germline genome of Tetrahymena thermophila and relationship to the massively rearranged somatic
genome. eLife 2016, 5, €19090. [CrossRef]

Yao, M.-C.; Choi, J.; Yokoyama, S.; Austerberry, C.E; Yao, C.-H. DNA elimination in Tetrahymena: A developmental process
involving extensive breakage and rejoining of DNA at defined sites. Cell 1984, 36, 433-440. [CrossRef]

Yao, M.-C.; Gorovsky, M. Comparison of the sequences of macro- and micronuclear DNA of Tetrahymena pyriformis. Chromosoma
1974, 48, 1-18. [CrossRef]

Chalker, D.L.; Meyer, E.; Mochizuki, K. Epigenetics of Ciliates. Cold Spring Harb. Perspect. Biol. 2013, 5, a017764. [CrossRef]
Nowacki, M.; Landweber, L.F. Epigenetic inheritance in ciliates. Curr. Opin. Microbiol. 2009, 12, 638-643. [CrossRef]


https://www.mdpi.com/article/10.3390/microorganisms11020418/s1
https://www.mdpi.com/article/10.3390/microorganisms11020418/s1
https://oaktrust.library.tamu.edu/handle/1969.1/2
https://oaktrust.library.tamu.edu/handle/1969.1/2
http://doi.org/10.1128/mr.58.2.233-267.1994
http://www.ncbi.nlm.nih.gov/pubmed/8078435
http://doi.org/10.1146/annurev.ge.14.120180.001223
http://www.ncbi.nlm.nih.gov/pubmed/6782938
http://doi.org/10.1128/MCB.16.7.3658
http://doi.org/10.1128/MCB.18.12.7075
http://doi.org/10.7554/eLife.19090
http://doi.org/10.1016/0092-8674(84)90236-8
http://doi.org/10.1007/BF00284863
http://doi.org/10.1101/cshperspect.a017764
http://doi.org/10.1016/j.mib.2009.09.012

Microorganisms 2023, 11, 418 13 of 14

11.

12.

13.
14.

15.

16.
17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

Arnaiz, O.; Mathy, N.; Baudry, C.; Malinsky, S.; Aury, J.-M.; Wilkes, C.D.; Garnier, O.; Labadie, K.; Lauderdale, B.E.; Le Mouél, A,;
et al. The Paramecium Germline Genome Provides a Niche for Intragenic Parasitic DNA: Evolutionary Dynamics of Internal
Eliminated Sequences. PLoS Genet. 2012, 8, €1002984. [CrossRef] [PubMed]

Noto, T.; Mochizuki, K. Small RNA-Mediated trans-Nuclear and trans-Element Communications in Tetrahymena DNA Elimination.
Curr. Biol. 2018, 28, 1938-1949.¢€5. [CrossRef] [PubMed]

Chalker, D.L. Transgenerational Inheritance: Parental Guidance Suggested. Curr. Biol. 2018, 28, R702-R704. [CrossRef] [PubMed]
Mochizuki, K.; Fine, N.A.; Fujisawa, T.; Gorovsky, M.A. Analysis of a piwi-related gene implicates small RNAs in genome
rearrangement in Tetrahymena. Cell 2002, 110, 689-699. [CrossRef] [PubMed]

Bouhouche, K.; Gout, ].-F,; Kapusta, A.; Bétermier, M.; Meyer, E. Functional specialization of Piwi proteins in Paramecium tetraurelia
from post-transcriptional gene silencing to genome remodelling. Nucleic Acids Res. 2011, 39, 4249-4264. [CrossRef]

Allen, S.E.; Nowacki, M. Roles of Noncoding RNAs in Ciliate Genome Architecture. ]. Mol. Biol. 2020, 432, 4186-4198. [CrossRef]
Ouyang, ].P.T.; Folkmann, A.; Bernard, L.; Lee, C.-Y.; Seroussi, U.; Charlesworth, A.G.; Claycomb, ].M.; Seydoux, G. P Granules
Protect RNA Interference Genes from Silencing by piRNAs. Dev. Cell 2019, 50, 716-728.e6. [CrossRef]

Janetopoulos, C.; Cole, E.; Smothers, J.; Allis, C.; Aufderheide, K. The conjusome: A novel structure in Tetrahymena found only
during sexual reorganization. J. Cell Sci. 1999, 112, 1003-1011. [CrossRef]

Yao, M.-C.; Yao, C.-H.; Halasz, L.M.; Fuller, P.; Rexer, C.H.; Wang, S.H.; Jain, R.; Coyne, R.S.; Chalker, D.L. Identification of novel
chromatin-associated proteins involved in programmed genome rearrangements in Tetrahymena. J. Cell Sci. 2007, 120, 1978-1989.
[CrossRef]

Rexer, C.H.; Chalker, D.L. Lialp, a Novel Protein Required during Nuclear Differentiation for Genome-Wide DNA Rearrange-
ments in Tetrahymena thermophila. Eukaryot. Cell 2007, 6, 1320-1329. [CrossRef]

Xu, J.; Yuan, Y,; Liang, A.; Wang, W. Chromodomain protein Ted1 is required for macronuclear genome rearrangement and repair
in Tetrahymena. Sci. Rep. 2015, 5, 10243. [CrossRef]

Chalker, D.L.; Yao, M.-C. Nongenic, bidirectional transcription precedes and may promote developmental DNA deletion in
Tetrahymena thermophila. Genes Dev. 2001, 15, 1287-1298. [CrossRef] [PubMed]

Mochizuki, K.; Gorovsky, M.A. RNA Polymerase II Localizes in Tetrahymena thermophila Meiotic Micronuclei When Micronuclear
Transcription Associated with Genome Rearrangement Occurs. Eukaryot. Cell 2004, 3, 1233-1240. [CrossRef] [PubMed]

Noto, T.; Kataoka, K.; Suhren, J.H.; Hayashi, A.; Woolcock, K.J.; Gorovsky, M.A.; Mochizuki, K. Small-RNA-Mediated Genome-
wide trans-Recognition Network in Tetrahymena DNA Elimination. Mol. Cell 2015, 59, 229-242. [CrossRef] [PubMed]

Taverna, S.D.; Coyne, R.S.; Allis, C. Methylation of Histone H3 at Lysine 9 Targets Programmed DNA Elimination in Tetrahymena.
Cell 2002, 110, 701-711. [CrossRef]

Liu, Y.; Taverna, S.D.; Muratore, T.L.; Shabanowitz, J.; Hunt, D.F,; Allis, C.D. RNAi-dependent H3K27 methylation is required for
heterochromatin formation and DNA elimination in Tetrahymena. Genes Dev. 2007, 21, 1530-1545. [CrossRef]

Suhren, J.H.; Noto, T.; Kataoka, K.; Gao, S.; Liu, Y.; Mochizuki, K. Negative Regulators of an RNAi-Heterochromatin Positive
Feedback Loop Safeguard Somatic Genome Integrity in Tetrahymena. Cell Rep. 2017, 18, 2494-2507. [CrossRef]

Kataoka, K.; Mochizuki, K. Phosphorylation of an HP1-like Protein Regulates Heterochromatin Body Assembly for DNA
Elimination. Dev. Cell 2015, 35, 775-788. [CrossRef]

Coyne, R.S.; Nikiforov, M.A.; Smothers, ].E; Allis, C.; Yao, M.-C. Parental Expression of the Chromodomain Protein Pdd1p Is
Required for Completion of Programmed DNA Elimination and Nuclear Differentiation. Mol. Cell 1999, 4, 865-872. [CrossRef]
Cole, E.; Bruns, PJ. Uniparental cytogamy: A novel, efficient method for bringing mutations of Tetrahymena into homozygous
expression with precocious sexual maturity. Genetics 1992, 132, 1017-1031. [CrossRef]

Dryl, S. Antigenic transformation in Paramecium aurelia after homologous antiserum treatment during conjugation or autogamy. J.
Protozool. 1959, 6, 25.

Martindale, D.; Allis, C.; Bruns, P. Conjugation in Tetrahymena thermophila: A temporal analysis of cytological stages. Exp. Cell Res.
1982, 140, 227-236. [CrossRef] [PubMed]

Kaczanowski, A.; Kaczanowska, J. Induction of Blocks in Nuclear Divisions and Overcondensation of Meiotic Chromosomes with
Cycloheximide During Conjugation of Tetrahymena thermophila. ]. Eukaryot. Microbiol. 1996, 43, 380-388. [CrossRef] [PubMed]
Aufderheide, K.J. Identification of the basal bodies and kinetodesmal fibers in living cells of Paramecium tetraurelia Sonneborn,
1975 and Paramecium sonneborni Aufderheide, Daggett & Nerad, 1983. J. Protozool. 1986, 33, 77-80. [PubMed]

Zinskie, J.A.; Shribak, M.; Bruist, M.E.; Aufderheide, K.J.; Janetopoulos, C. A mechanical microcompressor for high resolution
imaging of motile specimens. Exp. Cell Res. 2015, 337, 249-256. [CrossRef] [PubMed]

Wenkert, D.; Allis, C.D. Timing of the appearance of macronuclear-specific histone variant hvl and gene expression in developing
new macronuclei of Tetrahymena thermophila. ]. Cell Biol. 1984, 98, 2107-2117. [CrossRef]

Madireddi, M.T.; Davis, M.C.; Allis, C. Identification of a Novel Polypeptide Involved in the Formation of DNA-Containing
Vesicles during Macronuclear Development in Tetrahymena. Dev. Biol. 1994, 165, 418-431. [CrossRef]

Cole, E.S.; Soelter, T.A. A mutational analysis of conjugation in Tetrahymena thermophila. 2. Phenotypes affecting middle and late
development: Third prezygotic nuclear division, pronuclear exchange, pronuclear fusion and postzygotic development. Dev. Biol.
1997, 189, 233-245. [CrossRef]

Madireddi, M.T.; Coyne, R.S.; Smothers, J.E.; Mickey, KM.; Yao, M.-C.; Allis, C. Pdd1p, A Novel Chromodomain-Containing
Protein, Links Heterochromatin Assembly and DNA Elimination in Tetrahymena. Cell 1996, 87, 75-84. [CrossRef]


http://doi.org/10.1371/journal.pgen.1002984
http://www.ncbi.nlm.nih.gov/pubmed/23071448
http://doi.org/10.1016/j.cub.2018.04.071
http://www.ncbi.nlm.nih.gov/pubmed/29887308
http://doi.org/10.1016/j.cub.2018.05.041
http://www.ncbi.nlm.nih.gov/pubmed/29920263
http://doi.org/10.1016/S0092-8674(02)00909-1
http://www.ncbi.nlm.nih.gov/pubmed/12297043
http://doi.org/10.1093/nar/gkq1283
http://doi.org/10.1016/j.jmb.2019.12.042
http://doi.org/10.1016/j.devcel.2019.07.026
http://doi.org/10.1242/jcs.112.7.1003
http://doi.org/10.1242/jcs.006502
http://doi.org/10.1128/EC.00157-07
http://doi.org/10.1038/srep10243
http://doi.org/10.1101/gad.884601
http://www.ncbi.nlm.nih.gov/pubmed/11358871
http://doi.org/10.1128/EC.3.5.1233-1240.2004
http://www.ncbi.nlm.nih.gov/pubmed/15470252
http://doi.org/10.1016/j.molcel.2015.05.024
http://www.ncbi.nlm.nih.gov/pubmed/26095658
http://doi.org/10.1016/S0092-8674(02)00941-8
http://doi.org/10.1101/gad.1544207
http://doi.org/10.1016/j.celrep.2017.02.024
http://doi.org/10.1016/j.devcel.2015.11.017
http://doi.org/10.1016/S1097-2765(00)80396-2
http://doi.org/10.1093/genetics/132.4.1017
http://doi.org/10.1016/0014-4827(82)90172-0
http://www.ncbi.nlm.nih.gov/pubmed/7106201
http://doi.org/10.1111/j.1550-7408.1996.tb05047.x
http://www.ncbi.nlm.nih.gov/pubmed/8822808
http://www.ncbi.nlm.nih.gov/pubmed/3959010
http://doi.org/10.1016/j.yexcr.2015.07.011
http://www.ncbi.nlm.nih.gov/pubmed/26192819
http://doi.org/10.1083/jcb.98.6.2107
http://doi.org/10.1006/dbio.1994.1264
http://doi.org/10.1006/dbio.1997.8649
http://doi.org/10.1016/S0092-8674(00)81324-0

Microorganisms 2023, 11, 418 14 of 14

40. Smothers, ].E; Madireddi, M.T.; Warner, ED.; Allis, C.D. Programmed DNA Degradation and Nucleolar Biogenesis Occur in
Distinct Organelles During Macronuclear Development in Tetrahymena. ]. Eukaryot. Microbiol. 1997, 44, 79-88. [CrossRef]

41. Smothers, J.F; Mizzen, C.A.; Tubbert, M.M.; Cook, R.G.; Allis, C.D. Pdd1p associates with germline-restricted chromatin and a
second novel anlagen-enriched protein in developmentally programmed DNA elimination structures. Development 1997, 124,
4537-4545. [CrossRef] [PubMed]

42. Lee, C.-Y.S.; Putnam, A.; Lu, T,; He, S.; Ouyang, ].P.T.; Seydoux, G. Recruitment of mRNAs to P granules by condensation with
intrinsically-disordered proteins. eLife 2020, 9, e52896. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


http://doi.org/10.1111/j.1550-7408.1997.tb05942.x
http://doi.org/10.1242/dev.124.22.4537
http://www.ncbi.nlm.nih.gov/pubmed/9409671
http://doi.org/10.7554/eLife.52896
http://www.ncbi.nlm.nih.gov/pubmed/31975687

	Introduction 
	Materials and Methods 
	Cell Culture Conditions 
	Cytogamy and Environmental Shock 
	Drugs 
	Microcompression and Light Microscopy 
	Immunofluorescence 

	Results 
	Analysis of Progeny Derived from Uniparental Cytogamy (UPC) 
	Response of Cells to Cycloheximide or Aphidicholine Treatment 
	Knockouts Have Conjusomes 
	Conjusomes Are found in Other Ciliates 

	Discussion 
	Conjusomes Appear to Be Regulated by an Independent Pathway 
	Pdd1p Is Trafficking between Nuclei 
	Conjusomes Might Be the Vehicles of Epigenetic Information 

	References

