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Mutual antagonism between Hippo signaling and
cyclin E drives intracellular pattern formation

Yu-Yang Jiang™*@®, Wolfgang Maier?*, Uzoamaka N. Chukka?, Michael Choromanskit, Chinkyu Lee?, Ewa Joachimiak®®, Dorota Wloga*®,
Wayland Yeung*®, Natarajan Kannan*>, Joseph Frankel®®, and Jacek Gaertig'®

Not much is known about how organelles organize into patterns. In ciliates, the cortical pattern is propagated during “tandem
duplication,” a cell division that remodels the parental cell into two daughter cells. A key step is the formation of the division
boundary along the cell’s equator. In Tetrahymena thermophila, the cdaA alleles prevent the formation of the division
boundary. We find that the CDAA gene encodes a cyclin E that accumulates in the posterior cell half, concurrently with
accumulation of Cdal, a Hippo/Mst kinase, in the anterior cell half. The division boundary forms between the margins of
expression of Cdal and CdaA, which exclude each other from their own cortical domains. The activities of CdaA and Cdal must
be balanced to initiate the division boundary and to position it along the cell’s equator. CdaA and Cdal cooperate to position
organelles near the new cell ends. Our data point to an intracellular positioning mechanism involving antagonistic Hippo

signaling and cyclin E.

Introduction
Ciliates are among the most complex cells known. Using the
widely studied Tetrahymena thermophila as an example, it is a
single cell with numerous cortical structures whose positions
reveal the anteroposterior (A/P) and circumferential polarities.
Ciliates divide by “tandem duplication,” a transverse binary
fission during which the parental cell forms a cortical boundary
along its equator and the resulting cell halves remodel into
complete two daughter cells, retaining the polarity of the pa-
rental cell (Fig. 1 A). While the underlying intracellular pat-
terning mechanisms operate mainly if not entirely in the cell
cortex (reviewed in Frankel 1989), surprisingly, not a single
cortical structure or region is required as a source of polarity
cues. For example, large ciliates (e.g., Stentor) can regenerate
their cortical pattern, even if almost the entire cell cortex is
removed (Tartar, 1956, 1961). Hypotrich ciliates form cysts in
which the cortical pattern is resorbed and reformed during re-
development (Fryd-Versavel et al., 2010; Grimes, 1973a, 1973b).
Thus, ciliates can duplicate, regenerate, and form de novo com-
plex organelle patterns by largely unknown mechanisms that
seem to use intracellular positional information.

Recently, Hippo signaling proteins have been linked to the
A/P positioning of the division boundary in ciliates (Jiang et al.,
2017, 2019a; Slabodnick et al., 2014; Tavares et al., 2012). In

T. thermophila, posterior Elol (Lats/Ndr kinase) and Mobl and
anterior Cdal (Hippo/Mst kinase) contribute to placement of the
division boundary at the cell’s equator (Jiang et al., 2017, 2019a;
Tavares et al., 2012). However, the mechanisms that induce the
formation of the division boundary remain unknown. The
conditional cdaA alleles prevent the formation of the division
boundary (Frankel et al., 1976a, 1976b, 1977, 1980). Here, we use
comparative next-generation sequencing (NGS) to identify CDAA
as a gene encoding a cyclin E. We find that CdaA becomes en-
riched in the cortex of the posterior cell half at the time when
Cdal accumulates in the anterior cell half. Our data indicate that
cortical antagonism between Hippo signaling and cyclin E con-
tributes to a cell-wide positional information that places new
structures at correct locations along the A/P axis.

Results

cdaA-1 inhibits the formation of the division boundary

In the wild-type T. thermophila, cell division starts with the
appearance of the new oral apparatus (oral primordium) at the
subequatorial position (stage 2; Fig. 1 A). The A/P position of
the oral primordium is influenced by Elol, which occupies
the most posterior cell region (green, Fig. 1 A). As the oral
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Figure 1. cdaA-1inhibits the formation of the division boundary. (A) The course of cell division and the localizations of proteins relevant to this study: Elol
(green), Cdal (red), and CdaA (blue) in T. thermophila. (B-K) Confocal images of cdaA-1 cells stained with anti-centrin antibodies (green) and DAPI (blue), grown
at 29°C (B-F) or incubated at 39°C for 3 h (G-K). ap, cell apex; cs, cortical subdivision; cvp, contractile vacuole pore; cy, cytoproct; ma, macronucleus; mi,
micronucleus; nap, new cell apex; ncvp, new contractile vacuole pore; ncy, new cytoproct; noa, new oral apparatus (oral primordium); oa, oral apparatus.

primordium differentiates, Cdal appears throughout the an-
terior cell half (stage 3; red, Fig. 1 A). The division boundary
forms along the cell’s equator, initially presenting as a cir-
cumferential gap in the ciliary rows (stage 3; Fig. 1 A). This
“cortical subdivision” forms posteriorly to the posterior margin
of the Cdal cortical domain. Concurrently with cytokinesis, the
cortical regions that are immediately anterior and posterior to
the division boundary remodel to become the new cell ends
(stages 4-5; Fig. 1 A). The (germline) micronucleus divides by
mitosis at the time of cortical subdivision and the (somatic)
macronucleus divides by amitosis at the time of cytokinesis.
At a restrictive temperature, cdaA-1 prevents the formation of
cortical subdivision and subsequently blocks cytokinesis and
amitosis (Frankel et al., 1976a, 1977, 1980; Joachimiak et al.,
2004). Based on the anti-centrin antibodies that label the basal
bodies, the course of cell division in the cdaA-1 cells at the
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permissive temperature of 29°C was undisturbed (Fig. 1, B-F).
At the restrictive temperature of 39°C, the cdaA-1 mutants
developed a normal oral primordium (Fig. 1, G and H). Fig.1, D
and I, show cdaA-1 cells in the same stage of cell division at
29°C and 39°C, respectively. The oral primordium is advanced
based on the visibility of oral rows. While the cortical subdi-
vision formed at 29°C (Fig. 1 D), it failed at 39°C (Fig. 1 I).
Subsequently, at 39°C, the cdaA-1 cells do not constrict and the
basal body rows that cross the cell’s equator remain intact
(Fig. 1, ] and K; compare to Fig. 1, E and F). The macronucleus
does not complete its amitosis (Fig. 1 K). The structures that
normally form at the new cell ends, e.g., the new contractile
vacuole pores (CVPs) in the anterior cell half and the new apex
in the posterior cell half, do not appear (Frankel et al., 1981;
Gonda et al., 1999; Kaczanowska et al., 1992, 1993, 1999). When
continuously maintained at 39°C, cdaA-1 cells undergo multiple
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abortive cell cycles and become large “monsters” (Fig. 2, C
and D).

CDAA encodes a cyclin E

We used comparative NGS to map the causal mutations for
cdaA-1 and another noncomplementing allele, cdaA-4. Impor-
tantly, cdaA-1is derived from the natural isolate D, while cdaA-4
originates from the isolate B (Frankel et al., 1976b, 1977). We used
our allelic composition contrast analysis (ACCA) NGS-based bi-
oinformatics workflow (see Materials and methods) to map
cdaA-1to a 3-Mb interval on the micronuclear chromosome 4 at
~28.9 Mb (Fig. 2 A). However, this interval harbored >2,700
variants. Because the reference genome and the mapping strain
both originate from the B background, most of these cdaA-I-
linked variants were expected to be noncausal and originate
from the D background. Indeed, subtraction of variants also
observed in the wild-type D background strain eliminated all but
three variants. Next, we used the simple variant density (SVD)
NGS bioinformatics approach to map cdaA-4 to about the same
region of chromosome 4 at ~28.6 Mb (Fig. 2 B), which contained
eight variants. Exactly one variant among the cdaA-1-linked
variants and exactly one variant among the cdaA-4-linked var-
iants affect the same protein-coding gene, TTHERM_00332170.
The cdaA-I genome carries a C to T transition (chromosome 4:
28875789, scf_8254010:664158) that produces a DI366N amino
acid substitution. The cdaA-4 genome has a C to T transition
(chromosome 4: 28878966, scf_8254010:664822) that produces
an AI256T substitution. TTHERM_00332170 encodes a protein
with a cyclin domain named CYC8 (Stover and Rice, 2011; Yan
et al., 2016a). A phylogenetic analysis (based on Cao et al. 2014)
revealed that the cyclin domain of TTHERM_00332170/CYC8 is
of type E (Fig. 2 I and Fig. SI A). Reciprocal “best hit” Blastp
searches identified potential orthologues of TTHERM_00332170/
CYCS8 in other ciliates. Nonciliate alveolates (Apicomplexa and
dinoflagellates) lack cyclin E (Fig. S1 B), as reported earlier
(Alvarez and Suvorova, 2017; Cato et al., 2019). Overall, cyclin E
is present in Holozoa, an apusozoan Thecamonas trahens, and
ciliates (Cao et al., 2014; Stover and Rice, 2011; Suga et al., 2013;
this study).

To test whether the A1256T substitution in TTHERM_00332170/
CYCS8 causes cdaA-1, we replaced the variant base with the wild-
type base by DNA homologous recombination. Among the 107 of
cdaA-1 cells biolistically transformed with a wild-type CDAA
fragment and selected at 39°C, we isolated two proliferating
clones; such clones did not appear among the mock-transformed
cdaA-1 cells. The rescue clones contained dividing cells with
proper cortical subdivisions (Fig. 2, C-F). Sanger sequencing of
TTHERM_00332170/CYC8 in the rescued cells revealed both the
variant and the wild-type base, consistent with partial gene re-
placement in the polyploid macronucleus (Fig. S2 A). Following
the recommended nomenclature rules (Allen et al., 1998), we will
refer to TTHERM_00332170/CYC8 gene as CDAA.

Typically, cyclins function by binding to and activating
a cyclin-dependent kinase (CDK). We used homology-based
modeling to predict the structure of a potential complex con-
taining CdaA and Cdk1 of T. thermophila, a CDK similar to human
CDK2 (Yan et al., 2016b), the binding partner of human cyclins
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Eland E2 (M6rdy and Geisen, 2004). As a template, we used the
human cyclin E1-CDK2 complex (PDB accession no. IW98); the
regions of the two human proteins present in the structure
share 51% and 72% sequence similarity with CdaA and Cdkl,
respectively (Fig. S2 B). The model of CdaA fits well with that of
human cyclin E1, except for a large insertion between the al’
and a2’ helices (Fig. 2 G), which was predicted (Wang et al.,
2016) to be flexible. The amino acids substituted in cdaA-I and
cdaA-4 are located within the cyclin domain and are highly
conserved (Fig. S2 B). A1256 is conserved in all human cyclins
except cyclin F. D1366 is conserved in human cyclins E1 and E2,
and approximately half of other human cyclins have an acidic
amino acid at this position. A1256 resides on the a3 helix and
contributes to the hydrophobic packing against the a2 helix
(Fig. 2 H, left panel). Based on computational mutagenesis
(Park et al., 2016), A1256T destabilizes CdaA by 4.16 kcal/mol.
By disrupting the packing interactions which stabilize the a3
helix, A1256T may impact the binding of the a3 helix to the aC
helix of CDK1 (Fig. 2 G). D1366 resides on the a2’ helix, where it
forms electrostatic interactions with R1221 and Y1225 on the
a2 helix (Fig. 2 H, right panel). Like A1256, D1366 does not di-
rectly participate in the binding interface with CDK. Compu-
tational mutagenesis predicted that D1366N destabilizes CdaA
by 2.71 kcal/mol. We conclude that the cdaA-1 and cdaA-4 mu-
tations likely destabilize the CdaA cyclin domain, thereby also
preventing the formation of the CdaA-CDK complex.

CdaA is expressed and spatially polarized in the cortex of
dividing cells

We engineered the CDAA gene to express a CdaA-GFP fusion
under the native promoter. Unexpectedly, the CDAA mRNA was
reported to be highly expressed only during conjugation, the
sexual phase that T. thermophila cells can enter under non-
growing conditions (http://tfgd.ihb.ac.cn/search/detail/gene/
TTHERM_00332170). Based on immunofluorescence, at 5 h af-
ter initiation of conjugation (corresponding to the peak of CDAA
mRNA expression), there was a strong signal of CdaA-GFP along
the junction between the mating partner cells (Fig. S3 A).
However, no abnormalities were detected during conjugation
between two cdaA-1 (micro- and macronuclear) homozygotes at
either 29°C or 39°C, based on cytological and genetic criteria
(results not shown). Thus, the function of CdaA during conju-
gation is either subtle or redundant or the cdaA-1 mutation does
not affect CdaA during conjugation.

We could not detect CdaA-GFP in vegetatively growing cells
by direct GFP fluorescence, indicating an extremely low ex-
pression level. Using polyclonal anti-GFP antibodies, CdaA-GFP
was not detectable in the interphase cells but presented as lon-
gitudinal streaks in the dividing cells (Fig. 3, A and A’). Faint
CdaA-GFP streaks were visible in the posterior half of early di-
viders (Fig. 3, B and B’; and Fig. S4, A-B'). In cells with a more
advanced oral primordium, the CdaA-GFP streaks were prominent
along the entire posterior cell half and around the entire cell
circumference (Fig. 3, C and C’; and Fig. S4, C-D’). When the
cortical subdivision formed, the anterior ends of the CdaA-GFP
streaks coaligned with the basal bodies that were immediately
posterior to the gaps in ciliary rows; at this stage, the signal
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Figure 2. Strains with the cdaA alleles carry mutations in TTHERM_00332170/CYC8. (A) Mapping of cdaA-1 in the micronuclear genome using the ACCA
workflow. (B) Mapping of cdaA-4 using the SVD workflow. (C-F) cdaA-1 cells (C and D) and cdaA-1 cells rescued with a wild-type fragment of
TTHERM_00332170/CYC8 (E and F) grown at 39°C and stained with the anti-centrin (green) and DAPI (blue). cs, cortical subdivision. (G) Left: A crystal structure
of the human Cyclin E1/CDK2 complex (PDB accession no. 1IW98; Honda et al., 2005). Right: a homology model of T. thermophila CdaA/CdK1. (H) Left: A1256 is
located on the a3 helix and forms hydrophobic interactions with the a2 helix of CdaA. (H) Right: D1366 is located on the a2’ helix and forms electrostatic
interactions with the a2 helix of CdaA. (1) A phylogenetic analysis of the cyclin domain sequences classifies CdaA as cyclin E. Bootstrap percentage values are
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intensity of CdaA-GFP was maximal (Fig. 3 D-G’). While at the
stage of cortical subdivision CdaA-GFP is highly enriched in the
posterior cell half; it is also detectable as a diffuse signal in
the anterior cell half (Fig. 3, D-G'; and Fig. 3, A and A’; compare
the dividing cell to the adjacent nondividing cells). Thus, the
highly polarized pattern of CdaA-GFP is not a result of exclu-
sion from the anterior cell half but rather is a consequence of
preferential retention at the posterior cortex. At the onset of
cytokinesis, the CdaA-GFP streaks uniformly covered most of the
cell length, except for the fission zone and the old cell apex (Fig. 3, H
and H’; and Fig. S4 E-F'). At late cytokinesis, the CdaA-GFP streaks
remained visible in the anterior daughter (Fig. 3, I and I'; and Fig.
S4, G-H'). A similar changing pattern of CdaA-GFP was detected in
live cells by total internal reflection (TIRF) microscopy (Fig. S3 B).

We used superresolution structured illumination microscopy
(SR-SIM) to image CdaA-GFP at the critical stage of cortical
subdivision (Fig. 4). At the early stage of cortical subdivision, in
the rows that had already developed equatorial gaps, the streaks
were ending at the basal bodies immediately posterior to the
gaps (Fig. 4, A-B’). When the cortical subdivision was fully de-
veloped, all rows had gaps positioned anteriorly to the ends of
CdaA-GFP streaks (Fig. 4 C-D’). Some gaps (and the corre-
sponding ends of CdaA-GFP streaks) appeared to be offset by one
or two basal body positions, giving the fission line a ragged
appearance (Fig. 4). Possibly, the exact A/P positions of the
CdaA-GFP streak ends and the associated gaps are resolved on a
row-by-row basis. As cortical subdivision progresses, the CdaA-
GFP signal increases in the anterior cell half, in some places
highlighting the basal body rows (Fig. 4, C and D; compare to
Fig. 4, A and B). Thus, the equalization of CdaA-GFP across most
of the cell length that is prominent at cytokinesis (Fig. 3, H and
H') starts at the stage of late cortical subdivision.

The A/P position of the division boundary is correlated with

the anterior margin of the posterior cortical domain of CdaA

At the stage affected by the cdaA alleles, the initiation of cortical
subdivision, gaps in the basal body rows form near the anterior ends
of the CdaA-GFP streaks (Fig. 3, D-G; and Fig. 4). The peri-equatorial
alignment of the anterior ends of CdaA-GFP streaks occurs before any
signs of cortical subdivision (Fig. 3, B-C’). Thus, the anterior ends of
the CdaA-GFP streaks may guide the position of the forming cortical
subdivision. We tested this model using the elol-1 allele, which causes
a posterior shift of the division boundary. In the elol-I background,
before the formation of cortical subdivision, the anterior margin of
the CdaA-GFP cortical domain was located abnormally close to the
posterior cell end (Fig. 5, A-B’; compare with Fig. 3, B-C’). The
elol-1 cells entering division were highly variable in size, due to
unequal divisions in the previous cell cycles. While the size of the
posterior CdaA-GFP cortical domain scaled with the cell size, in-
variably, the cortical subdivision formed near the anterior ends of
the CdaA-GFP streaks (Fig. 5, C-D’). Our observations support a
model in which the cortical subdivision is activated along the
preexisting anterior margin of the posterior CdaA cortical domain.

CdaA and Cdal exclude each other from their cortical domains
The formation of the CdaA streaks in the posterior cell half co-
incides with the formation of Cdal streaks in the anterior cell
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Figure 3. CdaA-GFP is spatially polarized in dividing cells. Confocal im-
ages of cells expressing CdaA-GFP stained with the anti-GFP (red), anti-
centrin (green) antibodies and DAPI (blue). (A and A’) A field with multiple
cells. Note that only the dividing cell has CdaA-GFP streaks. (B and B’) A cell
in the early stage of cell division. The CdaA-GFP streaks of variable intensity
are apparent throughout the posterior cell half. (C and C’) A cell in the in-
termediate stage of oral primordium differentiation. (D-E’) Two sides of the
same cell in the early stage of cortical subdivision. (F-G’) Two sides of the
same cell in an advanced stage of cortical subdivision. (H and H’) Early cy-
tokinesis. (1 and I') Late cytokinesis. cs, cortical subdivision; ma, macronu-
cleus; mi, micronucleus; noa, new oral apparatus (oral primordium); oa, oral
apparatus.

half and the cortical subdivision forms between the margins of
Cdal and CdaA domains (Fig. 1 A). Double imaging of Cdal-GFP
and CdaA-HA before the stage of cortical subdivision, revealed
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Figure 4. SR-SIM images of dividing cells expressing CdaA-GFP labeled with the anti-GFP (red) and anti-centrin (green) antibodies and DAPI (blue).
(A-B’) Two sides of the same cell in the early stage of cortical subdivision. (C-D’) Two sides of the same cell in the late stage of cortical subdivision. In C, the
arrowheads mark CdaA-GFP speckles in the anterior cell half along a basal body row. ma, macronucleus; mi, micronucleus; noa, new oral apparatus (oral

primordium); oa, oral apparatus.

two nonoverlapping cortical domains, except that the oral pri-
mordium, while embedded inside the CdaA (posterior) domain,
had a weak signal of CdaI-GFP (Fig. 6, A-B"). Mutations in either
CdaA or Cdal compromise the position or course of cortical
subdivision (Frankel, 2008; Frankel et al., 1976a, 1977, 1980;
Jiang et al., 2017; Joachimiak et al., 2004). These associations
indicate that CdaA and Cdal interact. We imaged CdaA-GFP in
the background of cdal-1 and Cdal-GFP in the background of cdaA-I1.
The cdal-1 mutant cells divide normally at 29°C. At 39°C, the oral
primordium develops at a correct A/P position but later shifts ante-
riorly, eventually ending up near the old oral apparatus. The cortical
subdivision forms at an excessively anterior position, generating a
small anterior and a large posterior daughter, respectively (see
Fig. 10). In cdal-1 cells grown at 29°C, the CdaA-GFP streaks had a
normal pattern (Fig. 6, C and C’). At 39°C, before the cortical subdi-
vision stage, the topology of CdaA-GFP was nearly normal except that
the anterior ends of some CdaA-GFP streaks were abnormally ex-
tended into the anterior cell half (Fig. 6, D and D’). In cdal-I cells
grown at 39°C, in which the cortical subdivision formed anteriorly to
the displaced oral primordium, the CdaA-GFP streaks ended at the
posterior edge of the displaced cortical subdivision (Fig. 6, E and E).
Thus, Cdal excludes CdaA-GFP from the anterior half of the dividing
cell prior and during the formation of cortical subdivision.

We then examined how cdaA-1 affects Cdal. As reported
previously (Jiang et al., 2017), in wild-type (at 29°C and 39°C) or
cdaA-1 cells at 29°C, Cdal-GFP first appeared in the anterior cell
half during an intermediate stage of oral primordium develop-
ment, as streaks ending anteriorly to the presumptive plane of
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cortical subdivision (Fig. 7, A, A’, C, C, E, and E’). When the
cortical subdivision formed, the Cdal-GFP signal became stron-
ger at the posterior ends of the streaks, and CdaI-GFP spread
laterally between the streaks, forming a thick band anteriorly to
the cortical subdivision (Fig. 7, B, B’, D, D', F, and F'). We will
refer to this change as the “polarization of Cdal.” In cdaA-1 cells
at 39°C before the cortical subdivision, the streaks of Cdal-GFP
abnormally penetrated into the posterior cell half; in the cell
shown in Fig. 7, G and G/, the posterior ends of several Cdal-GFP
streaks are aligned with the posterior edge of the oral primordium,
while in the wild type the streaks end near the anterior edge of the
oral primordium (Fig. 7, E and E'). Because at this stage of normal
development (judging by the stages of the oral primordium and
micronuclear mitosis), the cortical subdivision is not present yet,
the posterior expansion of Cdal-GFP is not due to a failure of cortical
subdivision. At the later stage (at which the cortical subdivision is
present under permissive conditions), the Cdal-GFP streaks pene-
trated more deeply into the posterior cell half and the polarization of
Cdal streaks was not apparent (Fig. 7, H and H’). Thus, CdaA con-
fines the Cdal streaks to the anterior cell half prior to and during the
formation of cortical subdivision. To summarize, CdaA and Cdal
mutually exclude each other from their own cortical domains.

The phenotype of cdaA-1;cdal-1 double mutants is consistent
with Cdal activity inhibiting CdaA activity

We further explored whether Cdal and CdaA interact by ex-
amining cdaA-I;cdal-1 double mutants. The double mutants
proliferated well at 29°C. After 3.5 h at 39°C, most of the cdaA-I;
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elo71-1 CdaA-GFP

Figure 5. The position of cortical subdivision correlates with the anterior margin of the posterior CdaA domain. (A-D’) Confocal images of elol-1
mutant cells expressing CdaA-GFP stained with anti-GFP (red) and anti-centrin (green) antibodies and DAPI (blue). Examples of eloI-1 mutant cells before (A-B’)
and during the formation of cortical subdivision (C-D’). (C-D’) Two eloI-1 cells with a cortical subdivision. The larger cell (D and D’) has a larger CdaA-GFP domain
than the smaller cell (C and C’), but the cortical subdivision develops anteriorly to the anterior margin of CdaA-GFP. cs, cortical subdivision; mi, micronucleus; ma,
macronucleus; noa, new oral apparatus (oral primordium); oa, oral apparatus. Arrowheads point to the anterior ends of some CdaA-GFP streaks.

cdal-1 mutants were arrested in cell division. Like the single
cdal-1 mutants (Jiang et al., 2017; Fig. 8, Aand A’), most arrested
double mutants had an anteriorly shifted oral primordium
(Fig. 8, B-C’). Strikingly, while most single cdaA-1 mutants
failed to develop the cortical subdivision (Fig. 1, ] and K; and
Fig. 8 F, right), most double mutants had at least a partial
cortical subdivision (Fig. 8, B-D’, “cs”; and Fig. 8 F, right). Most
single cdaA-1 mutants failed to undergo events subsequent to
the cortical subdivision: cytokinesis and macronuclear amitosis
(Fig. 1, G-K). In comparison to the cdaA-1 mutants, a higher
proportion of double mutants contained two macronuclei, in-
dicating an increased ability to complete amitosis (Fig. 8, C and
C’; and Fig. 8 F, left). The new cell apex was occasionally visible
in the forming posterior daughter of cdaA-Licdal-1 cells (Fig. 8, C
and C’). While the new CVPs fail to form in the majority of
cdaA-1single mutants (Fig. S5, B and B’; compare with Fig. S5, A
and A’), they were visible in most cdaA-Lcdal-1 dividing cells
(Fig. 8, D and D’; and Fig. S5, D and D’), except that their A/P
positions were often abnormal (see next section). Thus, at 39°C,
cdal-1 partially suppresses the mutant phenotype of cdaA-1 in
regard to the formation of cortical subdivision and execution of
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downstream events (macronuclear amitosis and assembly of
structures associated with the new cell ends).

Despite their increased ability to progress in cell division, at 39°C,
most of the double mutants failed to complete cytokinesis and failed
to multiply (Fig. 8 G), which is a terminal phenotype of cdaA-1 and not
of cdal-1 (Jiang et al., 2017). At an intermediate temperature of 32°C,
the single cdaA-I1 mutants multiplied extremely slowly (Fig. 8 G), and
most had developed the monster morphology consistent with re-
peated division failures (Fig. 8 H). At the same temperature, the slow
cell multiplication and cell division failures were nearly completely
suppressed in the cdaA-Lcdal-l cells (Fig. 8, G and I). Because both
cdal-1 and cdaA-1 are likely loss-of-function alleles (Jiang et al., 2017;
this study), these observations taken together indicate that Cdal ac-
tivity (directly or indirectly) inhibits CdaA activity.

Loss of both CdaA and Cdal decouples the A/P positions of
cortical structures

In the wild type, the oral primordium appears at a submedial
position, the cortical subdivision forms anteriorly to the oral
primordium, and the new CVPs form anteriorly to the cortical
subdivision (see Fig. 10). At 39°C, cdal-1 shifts all three new
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CdaA-HA Cdal-GFP

cdal-1 CdaA-GFP
39°C

Figure 6. Cdal excludes CdaA-GFP from the anterior cortical domain.
(A-B") Prior to the cortical subdivision, Cdal and CdaA occupy complemen-
tary cortical domains. Two sides of the same cell coexpressing Cdal-GFP
(green) and CdaA-HA (red); the fusion proteins are detected by immunoflu-
orescence with anti-tag antibodies, and DNA is stained with DAPI (blue).
(C-E’) Cdal excludes CdaA from the anterior cell half. The cells shown are
cdal-1and express CdaA-GFP (detected with anti-GFP antibodies, red) and are
stained with the anti-centrin (green) and DAPI (blue) after growth at either
29°C (Cand C’) or 39°C (D-E’). (Cand C’) An early divider (before the cortical
subdivision) at 29°C. (D and D’) A cdal-1 cell at the early stage of the oral
primordium development, before its migration in the anterior direction. Note
that the anterior ends of some of the CdaA-GFP streaks (arrowheads) are
abnormally extended into the anterior cell half (compare with Fig. 3, B-C’). (E
and E’) A cdal-1 cell in which the oral primordium has already shifted in the
anterior direction and the cortical subdivision has started to develop at that
shifted position. The anterior ends of the CdaA-GFP streaks are immediately
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structures in the anterior direction but does not alter their
relative positions (see Fig. 10). Strikingly, in the cdaA-I;cdal-1
double mutants at 39°C, the relative positions of these three
structures were uncoupled. While the oral primordium shifted
anteriorly (as in cdal-I), the cortical subdivisions formed poste-
riorly to the oral primordium, roughly along the cell equator
(Fig. 8, B-D’; and Fig. S5, D-D’). To quantify this phenotype, we
measured the “A/P ratio,” which is the length of the presumptive
anterior daughter divided by the length of the presumptive poste-
rior daughter (Fig. 8 E). In the wild type, the A/P ratio was ~1 re-
gardless of the temperature, indicating that the two presumptive
daughters are of equal size. The A/P ratio was significantly de-
creased in cdal-1 (detectable at 29°C and pronounced at 39°C; Fig. 8 E),
reflecting the anterior shift in the division plane. At 29°C, the
single cdaA-1 mutants had a slightly increased A/P ratio, but the
difference lacked statistical support (P = 0.09). At 39°C, the position
of the fission plane could not be determined in most cdaA-1 mutants
due to the failure to form the cortical subdivision. When the posi-
tion immediately anterior to the oral primordium was used as the
presumptive division plane, then at 39°C the cdaA-1 cells had an
increased A/P ratio (Fig. 8 E and Fig. 1 K; compare with Fig. 1 F).
Interestingly, this change resulted from an enlargement of the cell
region anterior to the oral primordium while the size of the re-
maining posterior region was unchanged (Table S1). In the double
mutants at 39°C, the A/P ratio has normalized (Fig. 8 E). Thus,
cdaA-1 suppresses the anterior shift of cortical subdivision caused
by cdal-1. This is consistent with inhibition of Cdal activity by
CdaA activity in the context of the A/P positioning of the cortical
subdivision. Because cdaA-1 does not suppress the anterior shift of
the oral primordium caused by cdal-1, in the double mutants, the
relative positions of the two structures become uncoupled.

In the wild type, new CVPs form anteriorly to the cortical
subdivision (see Fig. 10; and Fig. S5, A and A’). In the single
cdal-1 mutants, the positions of new CVPs shift anteriorly but
remain in agreement with the displaced cortical subdivision (see
Fig. 10). After 3 h at 39°C, the majority of the arrested cdaA-1 cells
(86%; n = 50) lacked new CVPs (Fig. S5, B and B'). The few cdaA-1
cells that formed new CVPs also had a partial cortical subdivision
(Fig. S5, C and C’). Likely, these cdaA-1 cells were approaching
the stage of cortical subdivision at the onset of temperature shift.
Among the few cdaA-1 cells that had developed new CVPs, these
structures were either anterior or at the level of the cortical
subdivision (Fig. S5, C and C’). In contrast, 68% (n = 50) of the
similarly treated dividing cdaA-I;cdal-1 double mutants had new
fig8 CVPs. However, these structures were located either at the
level of (76%) or posterior (24%) to the cortical subdivision
(Fig. 8, D and D’; and Fig. S5, D and D’). Thus, at 39°C, cdal-1 par-
tially suppresses the defect in the assembly of new CVPs caused by
cdaA-1. However, under these conditions, the position of the new
CVPs relative to the cortical subdivision were often abnormal (see
Fig. 10).

posterior to the shifted cortical subdivision. cs, cortical subdivision; ma,
macronucleus; mi, micronucleus; noa, new oral apparatus (oral primordium);
0a, oral apparatus. In C-E, the arrowheads show the anterior ends of some of
the CdaA-GFP streaks.
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Figure 7. CdaA excludes the Cdal streaks

CDAA* Cdal-GFP 39°C

from the posterior cortical domain. Cdal-GFP-
expressing cells (detected with anti-GFP antibodies,
red) were stained with anti-centrin antibodies
(green) and DAPI (blue) after growth at either
29°C or 39°C. At 29°C, the pattern of Cdal-GFP
is normal in both wild-type (A-D’) and cdal-1
backgrounds (E-F’), except for a slight ante-
rior displacement of the oral primordium and
the division plane in wild-type background cells
expressing Cdal-GFP, due to a partial loss of
function of Cdal caused by addition of GFP (Jiang
et al, 2017, 2019a). At 39°C in the cdaA-1 back-
ground, the Cdal-GFP streaks leak into the poste-
rior half of the cell (G-H'). cs, cortical subdivision;
ma, macronucleus; mi, micronucleus; noa, new oral
apparatus (oral primordium); oa, oral apparatus.
The arrowheads show the posterior ends of some
Cdal-GFP streaks.

cdaA-1 Cdal-GFP 39°C

G

El Fl

oa oa

At the intermediate temperature of 32°C at which cdal-1
largely rescued the cell division arrests conferred by cdaA-1,
the defects in the positioning of the three new structures (oral
primordium, cortical subdivision, and CVPs) were almost com-
pletely suppressed. A majority of the dividing cdaA-Lcdal-1 cells
formed an oral primordium at the correct submedial position
and developed a proper cortical subdivision (Fig. S5, E and E').
The new CVPs appeared anteriorly to the cortical subdivision
(Fig. S5, H and H'). In some dividing cdaA-Lcdal-1 cells, the oral
primordium and cortical subdivision were shifted toward the
anterior cell end, which is the phenotype of cdal-I at 39°C (Fig.
S5, G-H’). In other cells, the cortical subdivision formed at the
level of the oral primordium and the fission furrow cut through
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the middle of the oral primordium (Fig. S5, F and F’). Thus, at
32°C, the loss of CdaA activity is nearly completely suppressed
by a loss of Cdal in regard to the initiation of formation and
positioning of new structures. Overall, the analyses of the double
mutants reveal the importance of a balance between the Cdal
and CdaA activities for the formation and correct A/P posi-
tioning of the new structures including the cortical subdivision
and new CVPs.

Overexpression of CdaA phenocopies a loss of Cdal, consistent
with CdaA activity inhibiting Cdal activity

To further test the importance of a balance between CdaA
and Cdal activities, we overproduced GFP-CdaA using a
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Figure 8. Phenotypes of double mutants reveal interactions between CdaA and Cdal. (A-C’) Pairs of images showing two sides of the same cells stained
with anti-centrin (green) and DAPI (blue) after growth at 39°C for 31/2 h (A-A") A cdal-1 cell. Note the anterior shift of both the oral primordium and the division
plane. (B-C’) Double-mutant cdaA-I;cdal-1 cells that are arrested in cell division; note an anterior shift of the oral primordium (noa). A cortical subdivision (cs)
has developed at least partially. In the cell shown in C and C’ the cell division went further as compared with the cell shown in B and B’. The posterior
presumptive daughter has developed an apex (nap) and the macronucleus has divided. (D and D’) Two sides of a double-mutant cell stained with the 6-11 B-1
antibody directed against acetyl-K40 a-tubulin that reveals cortical microtubules including those forming the CVPs. The cell has a pair of old CVPs (cvp) near
the posterior end and a single new CVP (ncvp) located a short distance posterior to the cortical subdivision. (E) A graph that shows the average A/P ratios of
wild-type and mutant dividing cells at 29°C or 39°C. For the cdaA-1/39°C measurements, we used the plane immediately anterior to the oral primordium as the
division boundary. The numbers of cells measured are indicated. The error bars represent standard deviations. Asterisks indicate significant differences
between datasets connected by brackets (*, P < 0.01, ANOVA single-factor test). (F) Graphs document the frequencies of macronuclear division (left) and
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cortical subdivision (right) in dividing cells grown at 39°C for 3.5 h. The numbers of scored cells are indicated. (G) Cell culture multiplication curves of strains
with the indicated genotypes at either 32°C or 39°C. All data were obtained using strains homozygous for either cdal-1 (strain UG-I-3), cdaA-1 (UG-A-2), or
both alleles (UG-AI-1) derived from a single genetic background (see Table S2). Averages of three experiments are shown. The error bars represent SD.
(H and 1) cdaA-1 (H) and cdaA-Ticdal-1 cells (1) grown for 28 h at 32°C and stained with the anti-centrin and DAPI. Note the nearly complete absence of cell
division arrests in the double mutants. ap, cell apex; cvp, contractile vacuole pore; ma, macronucleus; nap, new cell apex in the posterior daughter; ncvp, new

CVP; noa, new oral apparatus (oral primordium); oa, oral apparatus.

cadmium-inducible promoter, MTTlp (Shang et al., 2002).
After 3 h of overproduction, most cells were arrested in cell
division, with an oral primordium but without a cortical sub-
division (Fig. 9 B; compare with Fig. 9 A). Despite over-
expression, GFP-CdaA was enriched in the posterior cell half
(Fig. 9, D-F). Possibly, the shift from an asymmetrical pattern
of CdaA (enriched in the posterior cell half) to a symmetrical
one (present in both cell halves), which normally is initiated at
the stage of advanced cortical subdivision (Fig. 4, B-B’), re-
quires the cortical subdivision. After 6 h, most of the over-
producing cells were abnormally large and had two oral
apparatuses arranged in tandem near the anterior cell end
(Fig. 9, C and G) resembling the cdal-1 cells at 39°C. Unlike the
cdal-1 cells, the GFP-CdaA-overproducing cells did not develop
the cortical subdivision anteriorly to the shifted oral primor-
dium. However, cells carrying a stronger allele, cdal-3, fre-
quently fail to undergo cortical subdivision (Frankel, 2008;
J. Frankel, unpublished data). Thus, overexpression of GFP-CdaA
produces a close imitation of the loss of Cdal, consistent with
CdaA activity inhibiting Cdal activity. Likely, a balance between
the two activities is required for proper A/P positioning of the
oral primordium and the formation of cortical subdivision.

Discussion

CdaA is a spatially polarized cyclin E

In a dividing ciliate, the formation of the division boundary at
the cell’s equator is a key step in remodeling of the parental cell
into two daughters. In T. thermophila, the conditional mutations
in CDAA block the formation of the division boundary (Frankel
et al., 1976b, 1977, 1980; Joachimiak et al., 2004; Kaczanowska
et al,, 1992, 1993, 1999). We find that CDAA encodes a cyclin E
that accumulates in the posterior cell cortex shortly before the
initiation of the formation of the division boundary, at its ear-
liest stage of cortical subdivision.

CdaA may activate a CDK to phosphorylate a protein involved
in the initiation of cortical subdivision. Okadaic acid partially
suppresses the cdaA-1 phenotype (Buzanska and Wheatley,
1994), suggesting that the phosphorylation activity generated
by the putative CdaA-CDK complex competes with dephospho-
rylation by an unspecified phosphatase. One potential substrate
of a CdaA-dependent phosphorylation is Cmbl/p85, a protein
that associates with the equatorial cortex, whose gel mobility
changes in cdaA-1 cells at the restrictive temperature (Gonda
et al., 1999; Ohba et al., 1986).

At the time of induction of cortical subdivision, CdaA is en-
riched in the posterior cell half but is depleted from the narrow
strip of equatorial cortex where the cortical subdivision forms.
The activity of CdaA within the posterior cortex may translate
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into inductive events immediately outside of the CdaA cortical
domain. Our observations indicate that the induction of cortical
subdivision requires a balance between the posterior CdaA and
anterior Cdal. Both CdaA and Cdal are needed for the cortical
subdivision to form at the proper time and position (this study
and Frankel et al., 1977, 1980; Jiang et al., 2017). CdaA and Cdal
may exclude not only each other from their own cortical do-
mains but also unknown factors needed for the formation of the
division boundary. Consequently, such factors may reach
threshold concentrations only between the margins of the CdaA
and Cdal domains along the cell’s equator.

A balance between CdaA and Cdal positions multiple
structures along the A/P axis

In addition to their role in the formation of the cortical subdi-
vision, a balance of CdaA and Cdal activities is required for the
formation of new CVPs and their placement anterior to the
cortical subdivision. Likely, Cdal and CdaA also interact to
maintain the position of the oral primordium. The oral pri-
mordium appears at the onset of cell division before the cortical
accumulation of Cdal and CdaA. As the oral primordium devel-
ops, the maintenance of its subequatorial position requires Cdal
(Jiang et al., 2017); namely, cdal-1 at 39°C causes an anterior
migration of the oral primordium. While this phenotype of cdal-1
is not modified by cdaA-1, overexpression of GFP-CdaA causes an
anterior migration of the oral primordium, indicating that CdaA
activity inhibits Cdal activity to maintain the A/P position of the
oral primordium.

Intriguingly, while the relative positions of the three struc-
tures (oral primordium, cortical subdivision, and new CVPs) are
preserved in the cdal-1 mutants (despite their excessively ante-
rior positions), they are decoupled in the double cdaA-Icdal-1
mutants (Fig. 10). CdaA may make nonequivalent contributions
to the positioning of specific cortical structures. For example,
CdaA may interact with additional components to position specific
structures.

Evolutionary conservation of cortical antagonism

We show that in T. thermophila, Cdal (Hippo/Mst) and CdaA
(cyclin E) are mutually antagonistic in respect to both their lo-
calizations and activities. Mutual antagonism is the hallmark of
the Par protein networks that polarize animal cells. Par proteins
segregate into opposite cortical domains (e.g., anterior and pos-
terior) whose boundaries are maintained by inhibitory cross-
phosphorylations (reviewed in Motegi and Seydoux, 2013).
T. thermophila lacks orthologues of most of the Par network
proteins, with the exception of CDC42 (TTHERM_00267910).
Also, TTHERM_01017250 has weak similarity to PAR-1 (Kaczanowska
et al, 2008). Despite the limited conservation of the Par net-
work, the logic of cell polarization, based on cortical mutual
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Figure 9. Overexpression of GFP-CdaA partially phenocopies a loss of Cdal. (A-C) Cells that contain a transgene for overexpression of GFP-CdaA under
the cadmium-dependent MTT1 promoter at time = 0 (A) and after 3 (B) and 6 h (C) of exposure to 2.5 pg/ml cadmium chloride. The cells shown were labeled
with anti-GFP (green) and anti-centrin (red) antibodies and DAPI (blue). After 3 h (B), cells accumulate in cell division (almost all cells have an oral primordium).
(C) Cells that overproduce GFP-CdaA for 6 h become elongated and have two oral apparatuses near the anterior cell end. (D-G) Examples of individual
overproducing cells at 3 h (D-F) or 6 h (G). ma, macronucleus; mi, micronucleus; noa, new oral apparatus (oral primordium); 0a, oral apparatus.

antagonism, is conserved between animals and ciliates, line-
ages that have diverged from the common eukaryotic ancestor
~1.5 billion years ago (Adl et al., 2012). Moreover, both ciliates
and animals use Hippo signaling and cyclin E for cell polari-
zation. While in animals Hippo signaling is primarily seen as
acting downstream of the Par networks (reviewed in Ajduk
and Zernicka-Goetz, 2016 and Richardson and Portela, 2017),
Hippo signaling also contributes to the proper formation and

maintenance of apicobasal polarization (Genevet et al., 2009;
Hamaratoglu et al., 2009; Lee et al., 2019; Nantie et al., 2018). In
addition to its canonical role in cell cycle progression, cyclin E
is required for the establishment of cell polarity in Caeno-
rhabditis elegans embryos (Cowan and Hyman, 2006) and Dro-
sophila melanogaster neuroblasts (Berger et al., 2005, 2010; Bhat
and Apsel, 2004). Cyclin E interacts with proteins that con-
tribute to the apicobasal and planar cell polarities in Drosophila

wild type cdaA-139°C cdal-139°C Figure 10. A graphical summary of the cor-
N paN paN paN N A A 2N paN paN PaN paN tical phenotypes of mutants analyzed. The
o positions of three new structures are shown in
2~ |2~ ) red: oral primordium (triangles), cortical subdi-
,o ‘ vision (dashed or continuous horizontal bars),
PaN AN N FaN PaN and new CVPs (circles). The parental oral appa-
A A ratus and CVPs are shown in black. The arrows
indicate the progression of time. Note that in the
o o o o o o o o o o ] o . .
case of the single cdaA-1 mutant cells, we did not
elo1-1 GFP-CdaA overexpression cdaA-1;cdal-1 39°C Show the. mcr.ease in the total SIZ? of these cells
that is primarily caused by expansion of the area
anterior to the oral primordium (see Table S1).
AN VAN iy P Y
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(Brumby et al., 2004). In T. thermophila (this study) and di-
viding neuroblasts of Drosophila (Berger et al., 2005), cyclin E is
asymmetrically distributed among the presumptive daughter
cells. Surprisingly, cyclins E were so far found only in Holozoa
(animals and closely related unicellular species such as the fi-
lasterean Capsaspora owczarzaki), an apusozoan T. trahens, and
ciliates (Cao et al., 2014; Stover and Rice, 2011; Suga et al., 2013;
this study). Possibly, the association of cyclin E with cell po-
larity predates the emergence of Holozoa and ciliates from the
common eukaryotic ancestor. However, we cannot exclude a
possibility that ciliates gained cyclin E during convergent ev-
olution or by horizontal gene transfer. In Drosophila, Hippo
signaling promotes cell cycle arrest by reducing cyclin E ex-
pression (Harvey et al., 2003; Shimizu et al., 2008; Udan et al.,
2003; Wu et al., 2003). It remains to be established whether,
like in ciliates, in animals Hippo signaling and cyclin E are
mutually antagonistic in the context of cell polarity and or-
ganelle positioning.

Ciliate models have potential to provide further insights into
how cortical polarity domains form and generate positional in-
formation for organelles. In large ciliates, cortical domains can
be manipulated using microsurgery. Some of the most insightful
microsurgeries were done in Stentor by Vance Tartar (reviewed
in Frankel, 1989 and Frankel and Whiteley, 1993). In one of
Tartar’s experiments, the equatorial region containing the di-
vision plane was removed from the dividing Stentor and the
remaining parts of the operated cell allowed to rejoin. The op-
erated cells developed a new division zone along the heal line
and completed their division (Tartar, 1967). We suggested above
that the exclusionary activities of Cdal and CdaA concentrate
factors needed for both the initiation of the division boundary
and the execution of cell division. Likely Tartar’s operation of
removing the equatorial fission zone left the Stentor’s Cdal and
CdaA domains sufficiently intact to regenerate the cell division
boundary. In another remarkable experiment, Tartar dissected
the equatorial division zone and transplanted it into a “wrong”
location in a different cell. As long as the recipient cell was also
dividing, the transplanted cortical segment continued to func-
tion as the division zone regardless of its position (Tartar, 1968).
Thus, experiments in ciliates show that cortical domains can be
highly autonomous, capable of maintaining their activities and
size. Further investigations in ciliate models could therefore
shed light on how cortical domains self-regulate and how the
information from these domains is translated into precise po-
sitioning of organelles, without cues from other cells.

Materials and methods

Strains and cell culture

All strains of T. thermophila used were either obtained from the
Tetrahymena Stock Center (Cornell University, Ithaca, NY) or
produced by crosses. To compare the phenotypes of the single
and double cdal-1 and cdaA-1 mutants, all genotypes were ob-
tained from the same genetic background of a double hetero-
zygote. The genotypes of all strains used are listed in Table S2.
Cells were grown in the SPP medium (1% proteose-peptone,
0.2% dextrose, 0.1% yeast extract, and 0.003% EDTA ferric
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sodium salt) with antibiotics (SPPA; Gaertig et al., 2013; Gorovsky,
1973).

Identification of causal mutations for cdaA alleles using NGS

To map the causal mutation for cdaA-1, we used a comparative
NGS approach of ACCA (Jiang et al., 2017). Strain IA104 (ho-
mozygous for cdaA-1) was crossed to the mapping strain CU427
(homozygous for the chxl-1 cycloheximide [cy] resistance allele
in the micronucleus). After eight daily transfers, the F1 progeny
clones of IA104 x CU427 were screened for assortment to cy
sensitivity. A single cy-sensitive and highly fertile F1 was mated
to the self-crossing strain B*VII. The self-cross progeny selection
protocol used was short circuit genomic exclusion, which pro-
duces mostly homozygotes (Bruns et al., 1976), as described in
detail elsewhere (Jiang et al., 2017). The F2 progeny of F1 x B*VII
were selected with 15 pg/ml cy and tested for the cdaA-I phe-
notype at 39°C overnight. 41 F2 clones with the cdaA-1 phenotype
and an equal number of F2 clones with the wild-type phenotype
were combined into separate pools. The pools were grown
overnight in 25 ml SPPA to a late log phase and subjected to
starvation in 60 mM Tris-HCI, pH 7.5, for 2 d at 30°C. Total DNA
was extracted from each pool (Gaertig et al., 1994) and used to
make genomic libraries using the Illumina Truseq primer
adapters. The libraries were sequenced using Illumina HiSeq X
to generate paired-end reads of 150 bp length at ~90x genome
coverage. The MiModD suite of bioinformatics tools (version
0.1.8; https://sourceforge.net/projects/mimodd/) was used to
execute the ACCA variant mapping workflow as follows. The
sequencing reads of the cdaA-1 and wild-type F2 pools were
aligned to the macronuclear reference genome of the wild-type
strain SB210 (GenBank assembly accession GCA_000189635;
Eisen et al., 2006), and multisample variant calling was per-
formed. The resulting variants were annotated for the predicted
effects on the gene products, and the macronuclear coordinates
were converted into the corresponding micronuclear coor-
dinates (GenBank assembly accession no. GCA_000261185.1;
Hamilton et al., 2016). For each variant, linkage scores were
computed that contrast the allelic composition of the mutant
with that of the wild-type pool. The linkage score values were
plotted against the micronuclear coordinates along the five mi-
cronuclear chromosomes. This analysis revealed a spike in the
ACCA signal on chromosome 4 at ~28.9 Mb. In this region,
within ~3 Mb, there were >2,700 variants tightly cosegregating
with cdaA-1. The cdaA-1 allele was isolated in the genetic back-
ground D while the reference genome (strain SB210) and the
mapping strain (CU427) originate from the genetic background
B (Cassidy-Hanley, 2012). To determine the extent of genetic
variation between the B and D backgrounds, we sequenced the
genome of a wild-type D background strain, D1968, using the
SB210 genome for read alignment. Subtraction of variants ob-
served in D1968 from those detected by ACCA eliminated all but
three cdaA-1-linked variants within the interval of interest. To
map the cdaA-4 allele, we used strain IA112, a homozygote for
cdaA-4 originally isolated in the B background. Cy-resistant Fls
were recovered from an outcross of IA112 to CU427. For unclear
reasons, we were not able to isolate cy-sensitive assortants
among the F1 progeny of IA112 x CU427. This anomaly precluded
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the use of the ACCA workflow for variant mapping, as this
procedure requires drug-based selection of the relatively rare F2
short circuit genomic exclusion progeny. Instead, two fertile Fls
(IA112 x CU427) were crossed to each other. The segregation
ratio of phenotypes among the progeny indicated that these two
F1s were cdaA-4/CDAA heterozygotes, as expected. 22 F2 progeny
clones with the cdaA-4 phenotype (cell division arrest at 39°C)
were pooled and subjected to Illumina sequencing as described
above. The cdaA-4 F2 pool data and those obtained for the
crossing strain CU427 were aligned to the macronuclear refer-
ence genome of SB210. The variant list produced by multisample
variant calling was annotated for functional genomic effects
and mapped to the corresponding micronuclear coordinates.
The processed list was then filtered for well-covered, near-
homozygous (280% frequency of the variant allele at sites
with at least 10x coverage) variants specific to the mutant pool.
The density of the retained variants along the micronuclear
genome was plotted using MiModD’s SVD mapping mode. This
led to identification of a cluster of eight variants closely linked to
cdaA-4 on the micronuclear chromosome 4 at the position of 28.6
Mb, which is in approximately the same region as the interval
linked to cdaA-1. An intersection of the variants linked to cdaA-1
with those linked to cdaA-4 revealed that each allele is linked
to only a single variant within the coding region of the TTHERM_
00332170/CYC8 gene.

Phylogenetic analyses

We used the published alignment of cyclin domains of the
holozoan species including Homo sapiens, Nematostella vectensis,
Trichoplax adhaerens, Amphimedon queenslandica, Monosiga brev-
icollis, and Salpingoeca rosetta (Cao et al., 2014), to which we
added sequences of TTHERM_00332170/CYC8/CdaA and sev-
eral potential orthologues in other ciliates using MAFFT v7.310
(Katoh and Standley, 2013). The potential ciliate orthologues of
TTHERM_00332170/CYC8/CdaA were identified as “reciprocal
best hits” based on Blast searches (Cao et al., 2014; Tatusov et al.,
1997). Columns containing >50% insertions were removed from
the alignment. Maximum likelihood phylogenies were con-
structed using IQ-TREE v1.6.11 (Nguyen et al., 2015). The optimal
substitution model was determined to be LG+F+R5, based on the
Bayesian information criterion as determined by ModelFinder
(Kalyaanamoorthy et al., 2017). A consensus tree was constructed
from 1,000 resamples using ultrafast bootstrap (Hoang et al.,
2018). The resulting topology was rerooted and analyzed using
ete3 (Huerta-Cepas et al., 2016). The human CABLESI and
CABLES?2 proteins were assigned as the outgroup. The resulting
tree is shown in Fig. S1 A. An expanded analysis (Fig. S1 B)
included the above mentioned sequences supplemented by se-
quences of all predicted cyclin domains of T. thermophila
(Stover and Rice, 2011; Yan et al., 2016a) and two nonciliate
alveolates: Toxoplasma gondii (Alvarez and Suvorova, 2017) and
Breviolum minutum (Cato et al., 2019).

Protein modeling

To model a T. thermophila CdaA/CDK complex, we used TTHERM_
00411810/Cdkl as a binding partner of TTHERM_00332170/
CYC8/CdaA, based on the similarity of the patterns of mRNA
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expression of the two genes (Yan et al., 2016b) and the similarity
of the amino acid sequence of Cdkl to that of human CDK2, the
main binding partner of human cyclin E1 (Wood and Endicott,
2018). Homology models of T. thermophila CdaA/Cdkl were
constructed using MODELLER v9.23 (Webb and Sali, 2016), and
the structure of the H. sapiens Cyclin E1/CDK2 complex (PDB
accession no. IW98) as a template (Honda et al., 2005). The T.
thermophila models were superimposed on the H. sapiens com-
plex, and the energy was minimized with 15 cycles of Rosetta
Relax (Nivén et al., 2013) with respect to the ref2015 score
function (Park et al., 2016). The lowest energy model of 20 in-
dependent runs had an root-mean-square deviation of 1.86 A
compared with the human cyclin E1/Cdk2 complex (PDB acces-
sion no. 1W98). Computational mutagenesis was performed us-
ing cartesian_ddg (Park et al., 2016). Molecular graphics were
rendered using PyMOL (Schrodinger, 2015). The secondary
structures predictions were done using RaptorX-Property (Wang
et al., 2016).

Genome editing in the macronucleus

To rescue the cdaA-1 phenotype, a 2-kb fragment of TTHERM_
00332170/CYC8 was amplified from the wild-type genomic DNA
(CU428) using primers: 5'-GATGTTTGCATGAGCC-3' and 5'-GTT
GAAGGTCAAATCC-3’, and introduced by biolistic bombardment
(Bruns and Cassidy-Hanley, 2000; Dave et al., 2009) into 1-d-
starved cdaA-1 (IA104) cells. A mock transformation without the
PCR fragment was used as a negative control. The bombarded
cells were grown in SPPA medium on the 96-well plates at 29°C
for 2 d, replicated onto plates with fresh media, and incubated at
the restrictive temperature (39°C) overnight, and the wells were
inspected for proliferating cells.

To tag CDAA at the native locus, a DNA sequence encoding
GFP was incorporated at the 3’ end of the TTHERM_00332170/
CYC8/CDAA coding region (Stover et al., 2006) along with the
BTUI transcription terminator and neo5 marker (Jiang et al.,
2019a). The required targeting plasmid was made by amplify-
ing two 1.1-kb fragments of CDAA (using CU428 genomic DNA as
template) with the primer pairs 5-TATTGAGCTCCTTCCATT
TCAGAG-3', 5'-TATTCCGCGGTGAGCAGTATCTTTTCCTTA-3’,
and 5'-CGATACCGTCGACCTCGATAACTATCTATCGATCTTAC-3,
5'-CTAAAGGGAACAAAAGCTGGAGGCAAACCCTTCGCAGTT-3'
that were cloned on the sides of pGFP-BTUl-neo5 (Jiang et al.,
2017). The resulting CDAA targeting fragment was introduced by
biolistic bombardment into wild-type (CU428) cells, and trans-
formants were selected with paromomycin 200 pg/ml.

Similarly, CDAA was tagged by incorporating a DNA sequence
encoding an HA epitope at the 3’ end of the coding region fol-
lowed by the BTUI transcription terminator and the pac puro-
mycin resistance gene marker (Iwamoto et al., 2014). The targeting
plasmid was made by amplifying two 1.1 kb fragments of
CDAA using the primer pairs: 5'-TATTGCATGCCTCCTTCCATT
TCAGAG-3'; 5'-ATAAGGATCCTGAGCAGTATCTTTTCCTTA-3',
and 5'-GCTTATCGATACCGTCGACCTATCTATCGATCTTAC-3';
5'-CTATAGGGCGAATTGGGTACGGCAAACCCTTCGCAG-3' and
cloning into pHA-BTUl-pur4 plasmid (TSC_PID00044 Tetra-
hymena Stock Center). The resulting targeting fragment was
introduced into a Cdal-GFP-expressing strain (UG-Cdal-GFP;
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Table S2; Jiang et al., 2017) by biolistic bombardment, and
transformants were selected with puromycin 200 pg/ml.

For overexpression of a wild-type CdaA, TTHERM_00332170/
CYC8/CDAA locus was modified by addition of a sequence en-
coding GFP operating under the MTTI promoter (Shang et al.,
2002) at the 5’ end of the coding region with a linked neo5
marker. The neo5-MTTI1-GFP fragment has been described
previously (Jiang et al., 2019b). Two 1.1-kb fragments of CDAA,
were amplified with the primer pairs 5'-GGCATGGATGAACTA
TACAAAATGTTTTCAAGTATAGCATC-3', 5'-GCTGGGTACCGGG
CCGCGCTTGTGATTACAAGCT-3', 5'-TAGGGCGAATTGGAGCTC
TATTTCAGTTTAGAAACC-3’, and 5'-AGCGGCCGCCACCGCGTG
ATTTCTTACTTGCTTGCT-3' and subcloned on the sides of the
neo5-MTT1-GFP fragment. The resulting targeting plasmid was
used to replace ~0.3 kb of the 5’-UTR and the translation initi-
ation codon of CDAA with neo5-MTT1-GFP.

Microscopic imaging

Cells were fixed and stained with antibodies as described pre-
viously (Gaertig et al., 2013) with small modifications. 20 pl cell
culture was placed on the coverglass and combined with an
equal volume of 0.25% Triton X-100 and 1% PFA in the PHEM
buffer (60 mM Pipes, 25 mM Hepes, 10 mM EGTA, and 2 mM
MgSO,, pH 6.9). The sample was air-dried at 30°C, and the
coverglass was washed three times with PBS and incubated with
primary antibodies diluted in PBS supplemented with 3% BSA
fraction V and 0.01% Tween-20. The primary antibodies used
were: polyclonal anti-GFP (Rockland; 1:800 dilution), monoclo-
nal anti-HA 16B12 (Covance;1:300), monoclonal anti-centrin
20H5 (EMD Millipore; 1:400; Salisbury et al., 1988), and mono-
clonal anti-acetyl K40 a-tubulin 6-11 B-1 (Sigma-Aldrich; 1:400;
LeDizet and Piperno, 1991). The secondary antibodies were
conjugated to either Cy3 or FITC (Rockland; 1:300). The nuclei
were costained with DAPI (Sigma-Aldrich). The labeled cells
were embedded in 90% glycerol, 10% PBS supplemented with
100 mg/ml DABCO (Sigma-Aldrich). All microscopic images
were collected at the room temperature. Confocal images were
collected on a Zeiss LSM 880 with Airyscan microscope using a
63x NA 1.4 Oil Plan-Apochromat DIC objective. SR-SIM imaging
was done on an ELYRA S1 microscope equipped with a 63x NA
1.4 Oil Plan-Apochromat DIC objective. The SR-SIM images
were captured using the iXon electron multiplying charge-
coupled device camera (Andor) and the ZEN 2011 software
with the SIM analysis module. The Z stacks were analyzed
using Fiji/Image] and the Z Project method (Schindelin et al.,
2012). Live cells were imaged on a TIRF microscope (Jiang et al.,
2015; Lechtreck, 2013) with a 60x 1.49 NA TIRF objective. The
TIRF images were captured using the Andor iXon X3 DU 897
electron multiplying charge-coupled device camera and ana-
lyzed using Fiji/Image].

Statistical analyses

In dividing cells, the A/P ratio (length of the anterior subcell/
length of the posterior subcell) was determined as described
previously (Jiang et al., 2019a) using the plane of cortical sub-
division or cytokinesis as the division boundary. For the cdaA-1
mutants at 39°C, we used the plane immediately anterior to the
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oral primordium as the division boundary. The data distribution
was assumed to be normal, but this was not formally tested. An
ANOVA single-factor test (Microsoft Excel) was used, and P <
0.01 was considered statistically significant.

Online supplemental material

Fig. S1 presents maximum likelihood phylogenies of cyclin do-
mains and complements Fig. 2 I. Fig. S2 A contains the results of
Sanger DNA sequencing of the coding region of TTHERM_
00332170/CYC8 in the original cdaA-1 mutant and a rescue clone.
Fig. S2 B contains sequence alignments of portions of T. ther-
mophila and human proteins used to generate cyclin E/CDK
models shown in Fig. 2 G. Fig. S3 documents the localization of
CdaA in: conjugating cells using immunofluorescence (Fig. S3 A)
and vegetatively growing cells using TIRF microscopy (Fig. S3
B). Fig. S4 documents the localization of CdaA in dividing cells
and complements the images presented in Fig. 3. Fig. S5 docu-
ments the positions of new cortical structures in mutant cells.
Table S1 contains length measurements of the anterior and
posterior regions of dividing cells and complements the data
shown in Fig. 8 E. Table S2 lists genotypes and sources of
T. thermophila strains used in this study.
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Figure S1.  Phylogenetic analyses of cyclin domains. (A) A phylogenetic analysis reveals that the cyclin domain of TTHERM_00332170/CYC8/CdaA is most
closely related to cyclin E domains. The tree was prepared using the multiple sequence alignment of the N-terminal cyclin domains of Holozoa species
published in (Cao et al. 2014) with addition of CdaA/CYC8 of T. thermophila (red) and several orthologues of CdaA/CYCS8 in other ciliates (P. tetraurelia, S. coeruleus,
H. grandinella, and O. trifallax). Bootstrap percentage values are shown in red. Aqu, A. queenslandica; Hg, Halteria grandinella; Hsa, H. sapiens; Mbr, M. brevicollis;
Nve, N. vectensis; Ot, Oxytricha trifallax; Pt, Paramecium tetraurelia; Sc, Stentor coeruleus; Sro, S. rosetta; Tad, T. adhaerens. (B) A phylogenetic tree prepared using
the sequences used in A (Holozoa and ciliate orthologues of CYC8/CdaA), with the addition of a complete set of cyclin domain sequences for T. thermophila
(Tt; based on Stover and Rice, 2011; Yan et al, 2016a) and the nonciliate alveolates T. gondii (Tg; based on Alvarez and Suvorova, 2017) and B. minutum (Bm; based on
Cato et al, 2019). The names of human proteins, National Center for Biotechnology Information Gl or accession numbers follow the species name abbreviations.
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Figure S2. TTHERM_00332170 encodes CdaA, a protein with a cyclin E domain that may form a complex with a CDK. (A) Sanger sequencing data of the
PCR products obtained with primers that amplified a portion of the TTHERM_00332170/CYC8 coding region containing the candidate causal mutation (shaded).
The top panel shows the corresponding sequence of the untransformed cdaA-1 mutant. The bottom panel shows the sequence amplified from one rescue clone.
(B) Sequence alignments of cyclins (top) and CDKs (bottom) of H. sapiens and T. thermophila. Residues within 3.5 A of the cyclin/CDK-binding interface are
highlighted in green. Secondary structure information is based on a crystal structure of the human cyclin E1-CDK2 complex (PDB accession no. 1W98; Honda
et al,, 2005). The red triangles mark the amino acids mutated in the cdaA-1 and cdaA-4 proteins.
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Figure S3. CdaA-GFP localization in conjugating cells and vegetatively growing cells. (A) CdaA-GFP localizes to the junction of conjugating cells. The
images show two sides of the same pair formed by a CdaA-GFP-expressing cell and a wild-type cell 5 h after induction of conjugation. The pair was stained
with the anti-GFP (red), anti-centrin (green) antibodies and DAPI (blue). CdaA-GFP appears to be present on both the transgenic and nontransgenic side,
indicating that CdaA exchanges between the mating partners. (B) TIRF imaging confirms that CdaA-GFP is present in the cell cortex in vivo. Dividing cells
expressing CdaA-GFP were partially immobilized and imaged by TIRF microscopy (Jiang et al., 2015). Pairs of phase contrast and fluorescence images are shown
for cells whose stages are prior or at the time of cortical subdivision before cytokinesis (a and a’), at the onset of cytokinesis (b and b’), and in advanced
cytokinesis (c and c’). Scale bar, 10 pm.
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Figure S4. Confocal images of cells expressing CdaA-GFP under the native promoter stained with anti-GFP (red) and anti-centrin (green) antibodies
and DAPI (blue). These images include and complement those in Fig. 3 by showing two sides of the same cells. cs, cortical subdivision; ma, macronucleus; mi,
micronucleus; noa, new oral apparatus (oral primordium); oa, oral apparatus.
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Figure S5. Cdal and CdaA interact to position new structures. (A-D’) Effects of cdaA-1 and cdal-1 mutations on positions of new CVPs. Cells were in-
cubated at 39°C for 3 h and labeled with the monoclonal antibody 6-11 B-1 directed against acetyl-K40 a-tubulin (green) that labels ciliary and cortical
microtubules, including those forming the CVPs. The nuclei are stained with DAPI (blue). (A and A’) A dividing wild-type cell. The new CVPs appear anteriorly to
the cortical subdivision. (B and B’) A dividing cdaA-1 cell that failed to develop a cortical subdivision. The old CVPs are present but the new CVPs failed to form.
(C and C’) A rare dividing cdaA-1 cell that has developed a partial cortical subdivision. The new CVPs are anterior and at the level of cortical subdivision.
(D and D’) A double-mutant cdaA-I;cdal-1 cell. The new CVPs are located at the level of or immediately posteriorly to the cortical subdivision. (E-H’) Double-
mutant cdaA-Iicdal-1 cells after 28-h incubation at 32°C labeled with either the anti-centrin (E-G’) or 6-11 B-1 anti-acetyl-K40 a-tubulin antibody (H and H’)
and DAP!. (E and E’) A morphologically normal dividing cdaA-Licdal-1 cell. (F-H’). Examples of dividing cdaA-Icdal-1 cells with an anterior shift of the division
plane. (F and F’) The fission furrow appears to cut through the oral primordium. (H and H’) A dividing cdaA-I;cdal-1 cell with an anterior shift of the division
plane. The CVPs form correctly in relation to the cortical subdivision (resembling cdal-1 alone). cs, cortical subdivision; cvp, old CVP; ncvp, new CVP; noa, new
oral apparatus (oral primordium); oa, oral apparatus.
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Tables S1 and S2 are provided online. Table S1 shows the lengths of presumptive daughters in the dividing T. thermophila cells in
different backgrounds and at different temperatures. Table S2 shows the strains of T. thermophila used in the study.
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