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ABSTRACT In a single cell, ciliates maintain a complex pattern of cortical organelles that are arranged along the anteroposterior and
circumferential axes. The underlying molecular mechanisms of intracellular pattern formation in ciliates are largely unknown. Ciliates
divide by tandem duplication, a process that remodels the parental cell into two daughters aligned head-to-tail. In the elo7-7 mutant of
Tetrahymena thermophila, the segmentation boundary/division plane forms too close to the posterior end of the parental cell, pro-
ducing a large anterior and a small posterior daughter cell, respectively. We show that ELO7 encodes a Lats/NDR kinase that marks the
posterior segment of the cell cortex, where the division plane does not form in the wild-type. Elo1 acts independently of Cdal, a Hippo/
Mst kinase that marks the anterior half of the parental cell, and whose loss shifts the division plane anteriorly. We propose that, in
Tetrahymena, two antagonistic Hippo circuits focus the segmentation boundary/division plane at the equatorial position, by excluding
divisional morphogenesis from the cortical areas that are too close to cell ends.
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ILIATES are among the most sophisticated cell types

known. In a single large and polarized cell, ciliates as-
semble an amazingly complex set of cytoskeletal organelles
that are anchored to the plasma membrane at specific posi-
tions along the anteroposterior and circumferential axes. The
cell cortex—the outermost layer of the cytoplasm which is rich
in cytoskeletal structures—is the likely carrier of positional
information. For example, Stentor, a large ciliate that is ame-
nable to microsurgery, can regenerate its cortical pattern after
most of its endoplasm is removed. Furthermore, an endoplasmic
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mass can regenerate the entire pattern only if at least a
small patch of cell cortex is left on the cell surface (Tartar
1956, 1961). The mechanisms that govern the formation, du-
plication, and regeneration of the cortical pattern in ciliates
remain largely unknown, especially at the molecular level.
Insights into the pattern formation in ciliates could uncover
broader principles of how organelles are positioned inside the
cell (Frankel 1989; Kirschner et al. 2000; Marshall 2011).

As compared to Stentor, Tetrahymena thermophila is a
much smaller ciliate, which, however, can be studied by for-
ward and reverse genetic approaches (reviewed in Ruehle
et al. 2016). The main constituents of the cell cortex of
Tetrahymena are ~20 longitudinal rows of locomotory cilia
(reviewed in Wloga and Frankel 2012). A single oral appa-
ratus is located near the anterior cell end, while the con-
tractile vacuole pores (CVPs) and the cytoproct (site of
defecation) are positioned at different circumferential posi-
tions near the posterior cell end (Figure 1A).
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Ciliates divide by “tandem duplication,” a process of seg-
mentation that reorganizes the parental cell into two daugh-
ters, which emerge aligned head to tail. The segmentation
boundary that later becomes the fission line (we will refer to
the positions of both structures collectively as the “division
plane”) must develop at the proper latitude, to produce
daughters of equal size, and its positioning operates in the
context of the existing pattern of the parental cell.

Several studies have linked the Hippo kinase cascade to
tandem duplication in ciliates, and specifically to the division
plane positioning (Tavares et al. 2012; Slabodnick et al. 2014;
Jiang et al. 2017). The Hippo kinase cascade is a highly con-
served eukaryotic signaling pathway that generates diverse
outcomes that regulate the animal organ size, cell prolifera-
tion, cell growth, cell cycle, cell fate determination, and
mechanosensation. The conserved part of Hippo signaling
consists of a triad of proteins: an upstream kinase Hippo/
Mst, a downstream kinase Lats/NDR, and its activator/
adapter Mob (reviewed in Yu et al. 2015). In Tetrahymena,
a knockdown of an ortholog of Mob, Mob1, results in an
excessively anterior division plane, and defects in segregation
of nuclei and cytokinesis (Tavares et al. 2012). We recently
showed that an identical phenotype is produced by a loss-of
function of Cdal, an ortholog of Hippo/Mst kinases (Jiang
et al. 2017).

Here we investigate elol-1, a recessive loss-of-function
mutation in Tetrahymena that results in an opposite pheno-
type: the division plane forms too close to the posterior cell
end (Frankel 2008). Surprisingly, we find that the ELOI gene
encodes an ortholog of another conserved Hippo pathway
component, a Lats/NDR kinase (Johnston et al. 1990; Xu
et al. 1995; Hergovich 2013). Thus, in Tetrahymena, deficien-
cies in different core Hippo signaling proteins result in divi-
sion plane displacements in opposite directions. While the
effects of Elol and Cdal are antagonistic, our observations
indicate that these proteins operate in two consecutive
Hippo signaling circuits. Both proteins occupy cortical areas
in which the divisional activities do not occur in the wild
type. This and our earlier work (Jiang et al. 2017) reveal
that cortical inhibition drives intracellular patterning in
ciliates.

Materials and Methods
Tetrahymena strains

The T. thermophila strain IA388 elo1-1/elo1-1 (elo1-1, mtI) is
homozygous for elo1-1, a mutation that shifts the division
plane toward the posterior cell end (Frankel 2008). Strain
1A237 cdal-1/cdal-1 (cdal-1, mt IT) is homozygous for cdal-1,
a temperature-sensitive mutation that shifts the division
plane toward the anterior cell end (Frankel 2008). Strain
CU427 chx1-1/chx1-1 (CHX1, cy-s, mt VI) was used for out-
crosses and strain B*VII (cy-s, mt VII) was used for self-
crosses by “short circuit genomic exclusion” (SCGE) (Bruns
et al. 1976). Strain CU428 mprl-1/mpri-1 (MPRI1, mp-s, mt
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VII) served as the wild type in phenotypic comparisons. All
strains were obtained from the Tetrahymena Stock Center
(Cornell University, Ithaca, NY). Cultures were grown in
SPP medium (Gorovsky 1973) with antibiotics (SPPA,
Gaertig et al. 2013) at 29 or 39°.

Identification of the elo1-1 causative mutation

We used the “allelic composition contrast analysis (ACCA)” as
recently described (Jiang et al. 2017). IA388 was crossed to
CU427, and a single F1 heterozygote (elo1-1/ELO1; chx1-1/
CHX1) was propagated (for ~8 days) to become sexually
mature and sensitive to cycloheximide due to phenotypic
assortment (Orias and Flacks 1975). A single F1 subclone
was crossed to B*VII to induce SCGE and F2 clones were
selected with 15 pg/ml cycloheximide; 31 independent F2
clones with the elo1-1 phenotype and 31 F2 clones with the
wild-type phenotype were combined into separate elo1-1 and
wild-type F2 pools, respectively. The pools were grown over-
night, starved for 2 days in 60 mM Tris-HCl pH 7.5 at room
temperature and total genomic DNA was extracted using the
urea method (Gaertig et al. 1994).

The two F2 DNA pools were used to make genomic libraries
using [llumina Truseq primer adapters and sequenced on an
[lumina HiSeq X instrument, which generated paired-end
reads of 150 bp length at ~90X genome coverage. The
MiModD suite of tools version 0.1.8 (https://sourceforge.net/
projects/mimodd/) was used for ACCA-based variant map-
ping and identification as follows. For contrast mapping, the
sequencing reads were aligned to the micronuclear reference
genome (GenBank assembly accession GCA 000261185.1;
Hamilton et al. 2016) and the aligned reads from both pools
were used for joint multi-sample variant calling. The resulting
variant call dataset was filtered for sites with =50X cov-
erage for each of the two pools. Linkage scores contrasting
the allelic composition of the mutant with that of the wild-
type pool were computed for each retained variant site
and the results plotted against genomic (micronuclear) coor-
dinates. For variant identification, the same sequencing
reads were aligned to the macronuclear reference genome
(GenBank assembly accession GCA 000189635; (Eisen et al.
2006)) and the aligned reads subjected to variant calling as
above.

Rescue and overexpression

To rescue the mutant phenotype of elo1-1, the predicted cod-
ing region of TTHERM_00035550, was placed in the BTUI
locus (Gaertig et al. 1999) under control of the cadmium-
inducible MTT1 promoter (Shang et al. 2002) in the macro-
nucleus using biolistic transformation and paromomycin
selection based on a neo5 marker (Jiang et al. 2017). For
overexpression in the wild-type background, the MTT1-
GFP-TTHERM 00035550 transgene was integrated into the
BTUI1 locus in the CU428 strain. To induce overexpression,
cells carrying the MTT1-GFP-TTHERM 00035550 trans-
gene were exposed to cadmium chloride at 2.5 pg/ml for
3 hr
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Imaging by microscopy

To study the localization of the Elol protein under condi-
tions of expression that are close to native, we attached a
sequence encoding GFP to the 3’ end of the TTHERM
00035550 open reading frame (Stover et al. 2006) with a
linked neo5. The tag was introduced into either the wild-
type or elol1-1 background. In the eloI-1 cells, this led to
expression of the Elo1-GFP mutant (G249V) protein. The
transgene copy number was increased through phenotypic
assortment, by growing transformant clones at increasing
concentrations of paromomycin. The construction of the
strain that expresses Cdal-GFP at the native locus was
described (Jiang et al. 2017). The same targeting plasmid
was used to make an elol-1 strain that expresses Cdal-
GFP.

Cells were analyzed by immunofluorescence (Gaertig et al.
2013) using the monoclonal anti-centrin 20H5 (EMD Mili-
pore) and polyclonal anti-GFP (Rockland) antibodies, fol-
lowed by secondary antibodies labeled with either CY3 or
fluorescein (Rockland); DNA was stained with DAPI. The
images were collected either on a Zeiss LSM 880 confocal
microscope or a Zeiss ELYRA super resolution structured
illumination (SR-SIM) microscope. The lengths of the emerg-
ing daughter cells were measured on the confocal images
using NIH ImageJ (Schneider et al. 2012). The position of
the division plane was quantified as the ratio of the length of
the presumptive anterior daughter to the length of the pre-
sumptive posterior daughter (A/P ratio). The boundary
between the daughters was either the plane of cortical sub-
division or (in the early dividers) the plane immediately
above the young oral primordium.

Structural analyses of Elo1 protein

The amino acid sequences of T. thermophila Elo1 (UniprotID:
Q22MGS5) and human Latsl (UniprotID: 095835) were
aligned using the default settings of MAFFT v7.058b
(Katoh et al. 2002). A fragment of human Lats1 (residues
635-697) is present in the structure of Lats1-Mob1lcomplex
(PDBID: 5BRK) (Ni et al. 2015). Residues in Lats1 that are
within 4 A away from Mob1 were identified using PyMOL
1.7.6 (Grell et al. 2006). A homology-based model of Elo1
kinase domain was built using MODELER with the A chain of
PDB structure 2F2U as template (Eswar et al. 2006;
Yamaguchi et al. 2006). The G249V point mutation was
introduced into the structure using the loopmodel class
in MODELER. The models were visualized using PyMOL
1.7.6.

Data availability

Strains and plasmids are available upon request. The authors
affirm that all data necessary for confirming the conclusions of
the article are present within the article and figures. Supple-
mental material available at Figshare: https://doi.org/10.6084/
m9.figshare.7525193.

Results

The elo1-1 mutation causes the division plane to form at
an excessively posterior position

The T. thermophila elo1-1 mutant clone was isolated in a ge-
netic screen for cortical pattern mutants, following nitroso-
guanidine mutagenesis (Frankel 2008). In the wild-type cell,
the first sign of cell division is the new oral apparatus (oral
primordium) that appears as a group of basal bodies near the
right postoral ciliary row at a submedial position (Figure 1A
stages 2 and 3, Figure 2A). At the subsequent stage of “cor-
tical subdivision,” the ciliary rows become interrupted by
gaps aligned around the cell’s equator (Figure 1A stage 4,
Figure 2B). This is followed by the emergence of new cell
ends on the two sides of the cortical subdivision, nuclear
divisions and cytokinesis that produce two daughters of
about equal size aligned as a tandem (Figure 1A stage 5,
Figure 2C).

In the elol-1 cells, the oral primordium develops at an
excessively posterior (but proper circumferential) position
(Figure 2D). Subsequently, the eloI1-1 mutants develop a cor-
tical subdivision too close to the posterior cell end (Figure 2E)
and cytokinesis produces a larger anterior and a smaller pos-
terior daughter, respectively (Figure 2F). The position of the
division plane was quantified as the ratio of the length of the
presumptive anterior daughter to the length of the presump-
tive posterior daughter (the A/P ratio). The mean value of the
A/P ratio was 0.95 = 0.08 (n = 27) in the wild type, consis-
tent with a nearly equal size of the two daughters, and 1.93 =
0.8 (n = 23) inelol-1, indicating that the anterior daughter is
about twice the size of the posterior daughter (Figure 2I).
Importantly, in elo1-1, the A/P ratio decreases as the division
progresses (compare Figure 2, D and E and see Figure 5H for
further details); despite this partial normalization, invariably
the posterior daughter is smaller than the anterior daughter
at the end of cytokinesis (Figure 2F). In the wild type, the
micronucleus undergoes mitosis at the time of the onset of
cortical subdivision (Figure 1A, stages 3—-4); in anaphase, the
elongated micronucleus is positioned posteriorly to the cor-
tical subdivision (Figure 2B). The wild-type macronucleus
undergoes amitosis by constricting at the time of cytokinesis
(Figure 1A stages 4-5, Figure 2C). In the eloI-1 cells, the
positions of both the dividing micronucleus and macronu-
cleus were excessively posterior, but in a local agreement
with the division plane position (Figure 2, E and F). In ciliates
the positions of nuclei in the endoplasm are guided by cues
from the cell cortex (Weisz 1951; de Terra 1973, 1975;
Cohen and Beisson 1980; Gaertig and Cole 2000). Thus,
the cortical guidance of nuclei is unaffected by eloI-1. Con-
sequently, each elo1-1 daughter receives a complete set of
nuclei despite the shift in the position of the division plane
(Figure 2F). Some elo1-1 cells have abnormalities in the or-
ganization of the longitudinal ciliary rows that can be twisted
or abnormally spaced apart (Figure 2, D-F). Overall, the most
prominent and earliest defect in the elo1-1 cells is an exces-
sively posterior initial specification of the division plane.
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Figure 1 The course of cell division in Tetrahymena and its two Hippo
signaling circuits. (A) The outline of the stages of cell division in
Tetrahymena. The localization patterns of Elo1 and Mob1 (green, the
two proteins perfectly colocalize) and Cdal (red) are shown. The Mob1
data are based on Tavares et al. (2012). The diagram is a modification of
the one published in Jiang et al. (2017). mi, micronucleus; ma, macronu-
cleus; oa, oral apparatus; noa, new oral apparatus (oral primordium); cvp,
contractile vacuole pore; ncvp, new contractile vacuole pore; cyp, cyto-
proct; ncyp, new cytoproct. The following stages are marked: stage 1,
interphase; 2, early oral primordium; 3, late oral primordium; 4, cortical
subdivision and mitosis of the micronucleus; 5, cytokinesis and macronu-
clear amitosis. (B) The proposed composition and the activities of the two
consecutive Hippo signaling circuits in Tetrahymena. Components of a
generic Hippo circuit are shown on the left.

Consequently, all events of cell division occur at excessively
posterior positions, but otherwise appear unaffected.

ELO1 encodes a Lats/NDR kinase

We used a comparative whole genome sequencing approach,
ACCA (Jiang et al. 2017), to map the causal mutation for
elo1-1 (see Materials and Methods). Briefly, we prepared pools
of either wild-type or elo1-1 F2 clones (meiotic segregants)
derived from a single F1 heterozygote. The pooled genomes
were sequenced and the sequence reads were aligned to the
micronuclear reference genome (Hamilton et al. 2016). For
each sequence variant detected, a linkage score was calcu-
lated that reflected the degree of cosegregation of the
alternate allele with elo1-1 and the corresponding cosegre-
gation of the reference allele with the wild-type phenotype,
respectively. The linkage scores were plotted along the length
of the micronuclear chromosomes. This revealed a region of
increased variant to phenotype linkage on the micronuclear
chromosome 3 between 8 and 9 Mb (Figure 3A). Within this
interval, a single sequence variant (a G to T substitution at
the micronuclear position chr3:8620427) was supported by
100% alternate allele (T) reads in the pool of 31 mutant F2
clones and 100% reference allele (G) reads in the pool of
31 wild-type F2 clones. In the macronuclear genome, the
corresponding base pair position is located in the coding re-
gion of TTHERM 00035550 gene that encodes a protein
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homologous to the Lats/NDR kinases, conserved components
of the Hippo kinase cascade (Hergovich 2013). The pre-
dicted amino acid sequence of the conserved portion of
TTHERM_00035550 protein that contains the kinase domain
(positions 30-475) is 43% identical to the corresponding part
of the Drosophila Trc (Geng et al. 2000), 39% identical to that
of CBK1 of the budding yeast (Bidlingmaier et al. 2001), and
46% identical to that of the human NDR2 (Millward et al.
1995). Reciprocal BLASTp searches using the above men-
tioned Lats/NDR sequences against the predicted proteome
of T. thermophila (Eisen et al. 2006) returned either
TTHERM 00035550 or TTHERM 00283290 (a possible
paralog) as top matches. Structural analyses further argue
that the TTHERM_ 00035550 protein is a true Lats/NDR ki-
nase (see below).

The candidate causal mutation produces a G249V sub-
stitution. The elo1-1 allele is recessive (Frankel 2008). To
test whether G249V in TTHERM_00035550 is the cause of
elol-1,we introduced a transgene expressing a wild-type
TTHERM_00035550, as an N-terminal GFP fusion under
the cadmium-inducible promoter MTT1 (Shang et al.
2002), into the elol-1 cells. The dividing eloI-1 cells with
GFP-TTHERM 00035550 had a nearly normal A/P ratio of
0.82 = 0.12 (n = 26) (Figure 2, G-I); this rescue occurred
without cadmium ions added, indicating that the basal level of
expression under MTT1 was sufficient for complementation of
the mutant phenotype. We conclude that the G249V substitu-
tion in TTHERM_00035550 is the cause of elo1-1, and, there-
fore, we named the TTHERM 00035550 gene ELO1.

A kinase classification algorithm (Talevich and Kannan
2013; McSkimming et al. 2017) confirmed that Elo1 belongs
to the Lats/NDR subfamily of the AGC parent group of ki-
nases. Lats/NDR kinases bind Mob—an adapter protein that
is a part of the conserved core Hippo pathway (Luca and
Winey 1998; Colman-Lerner et al. 2001; Weiss et al. 2002).
An alignment of the amino acid sequences of Elo1 and human
Lats1 (Figure 3B) revealed that the two proteins share se-
quence homology within a region that is N-terminal to the
kinase domain, which, in Lats1, serves as a Mob-binding do-
main (Bothos et al. 2005). Several amino acids that, in the
human Lats1, lie within 4 A of the human Mob1 surface (Gogl
et al. 2015; Ni et al. 2015), are conserved at the correspond-
ing positions in Elo1 (blue circles in Figure 3B). Elo1 also has
a conserved C-terminal hydrophobic motif (HM) with a thre-
onine (Figure 3B) that, in the Lats/NDR kinases, is phosphor-
ylated by an upstream kinase, Hippo/Mst (Stegert et al.
2005). Elo1 also has a serine, S303, in the T loop of the kinase
domain (Figure 3B, “P-site”), which is homologous to serines
in the well-studied Lats/NDR kinases (e.g., S281 in human
NDR1 and S909 in human Lats1) that undergo autophos-
phorylation, which is required for the kinase activity
(Tamaskovic et al. 2003; Bichsel et al. 2004).

G249 is located within the kinase domain (Figure 3B). To
evaluate the impact of G249V, we used homology-based
modeling to produce a possible 3D structure of the Elo1 ki-
nase domain (Figure 3C). G249 is located at the beginning of
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Figure 2 elo7-1 shifts the division plane to the posterior cell end and
expression of a wild-type THERM_00035550 protein rescues this defect.
(A—F) The course of cell division in the wild type (A—C) and elo7-1 (D-F).
The cells were labeled with the anti-centrin antibody (green) and DAPI
(blue). The anti-centrin labels the basal bodies; in addition in some di-
viding cells these antibodies mark the vicinity of the contractile vacuoles
[stars in (C)]. (A and D) Cells in the earliest stage of cell division (stage 1 in
Figure 1A). Note that the oral primordium (noa) is sub-medial in the wild
type (A) and excessively posterior in elo7-1 (D). (B and E) Cells during
cortical subdivision (stage 4). (E). The micronucleus (mi) in the elo7-7 cell
(E) is in a more advanced stage of mitosis as compared to the wild-type
cell shown in (B). (C and F) Cells undergoing cytokinesis and amitosis
of the macronucleus [the elo7-7 cell shown in (F) is in a more advanced
stage]. (G-l) Introduction of a transgene expressing the GFP-
TTHERM_00035550 rescues the unequal division in elo7-1 cells. (G and
H) Dividing elo7-1 cells that carry the MTT1-GFP-THERM_0035550 trans-
gene (grown without added cadmium ions). (I) The graph quantifies the
position of the division plane as the ratio of the length of the presumptive
anterior daughter to the length of the presumptive posterior daughter
(the A/P ratio). Numbers of scored cells are indicated. Error bars are SD
and asterisks show significant differences (two-sided t-test, P < 0.01). oa,
oral apparatus; noa, new oral apparatus (primordium); ma, macronucleus;
mi, micronucleus; cs, cortical subdivision. On the left side of (A, B, D, and
E): the horizontal arrow indicates the position of the division plane and
the vertical bars mark the lengths of the presumptive daughter cells.

B8 strand and therefore is not a part of the catalytic center.
However, G249 is among the conserved AGC kinase group-
specific amino acids (Kannan et al. 2007). AGC kinases are
regulated by a C-terminal tail domain that is tethered to the
kinase domain through a PxxP motif (Kannan et al. 2007),
which is also conserved in Elo1 (Figure 3C). The 3D model of
Elo1 suggests that G249 is in close contact with PxxP (Figure
3C). The PxxP motif is also the binding site for the SH3 do-
main (Jiang and Qiu 2003). It is possible that G249V alters
the release of the C-terminal tail domain (which could affect
the kinase activity) or perturbs regulatory interactions be-
tween Elol and SH3 domain-containing proteins.

Elo1 protein is enriched in the posterior cell cortex
where the division plane does not form in the wild type

We added a green fluorescent protein (GFP) to the C-terminal
end of Elol, by engineering the ELO1 locus. During inter-
phase, Elo1-GFP presented as dots near several most poste-
rior basal bodies in each ciliary row, based on colocalization
with centrin (Salisbury et al. 1988) (Figure 4, A and A and
Supplemental Material, Figure S1, A-B’). The number of
Elo1-GFP-positive basal bodies per row was similar on the
ventral and dorsal cell side, indicating that distribution of
Elol is polarized on the anteroposterior but not on the cir-
cumferential axis (Figure S1, A-B’). The posterior cortical
zone of Elo1-GFP was present when the oral primordium
appeared (Figure 4, B and B’). Along the ciliary row, the in-
tensity of the Elo1-GFP dots decreased gradually toward the
cell’s anterior end (Figure 4E). Based on the SR-SIM imaging,
the most posterior basal bodies of the early oral primordium
were located immediately anterior to the edge of the detect-
able Elo1-GFP (Figure 4F). During cortical subdivision, a new
Elo1-GFP zone appeared at the posterior edge of the forming
anterior daughter (Figure 4C and Figure S1, C-D’). At the
time of cytokinesis, GFP-Elol marked the most posterior
basal bodies equally strongly in the anterior and posterior
daughter (Figure 4D and Figure S1, E-F’). The signal of the
mutant protein, Elo1(G249V)-GFP, was weaker as compared
to Elo1-GFP, indicating that G249V either decreases the lev-
els of Elo1 or its ability to become enriched at the posterior
cortex (the mean pixel intensity of Elo1-GFP over the five
most posterior basal bodies was 4.6 times higher in the wild
type as compared to elol-1; see Figure S2 for details).

Elo1 (Lats/NDR) and Cdal (Hippo/Mst) act in two
consecutive Hippo signaling circuits

In addition to Elo1, the medial position of the division plane
depends on Cdal and Mob1, orthologs of the Hippo/Mst
kinases and Mob proteins, respectively (Figure 1B). However,
a loss of either Cdal or Mob1 moves the division plane closer
to the anterior cell end (Tavares et al. 2012; Jiang et al.
2017). As described above, the effect of Elo1 is apparent at
the earliest stage of divisional morphogenesis (the appear-
ance of the oral primordium) (Figure 2). In contrast, in cells
expressing a conditional mutant Cdal, the division plane is
initially specified correctly and migrates in the anterior
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Figure 3 The causal mutation for elo7-7 is in THERM_0035550 that encodes a Lats/NDR kinase. (A) The results of mapping of the causal DNA sequence
variant for elo7-1 using ACAA (liang et al. 2017). Normalized linkage scores are shown along each of the five micronuclear chromosomes. Allelic
cosegregation is increased on the left arm of chromosome 3. (B) An alignment of a portion of TTHERM_0035550/Elo1 and human Lats1 amino acid
sequences. The blue circles mark the residues that are located within 4 A from the Mob1 surface in the human Lats1-Mob1 complex (PDBID: 5BRK)
(Gogl et al. 2015; Ni et al. 2015). Different colors represent different sizes of amino acid side chains as follows (in A2): dark red, G 88.1; orange, A 118.2,
S 129.8; yellow, C 146.1, P 146.8; teal, | 181.0, E 186.2; aqua blue, L 193.1, Q 193.2; H 202.5, M 203.3; violet, F 222.8, K 225.8; purple, Y 238.8;
black, R 256.0, W 266.2. The red box highlights the hydrophobic motif (HM). The T-loop serine that undergoes autophosphorylation in the Lats/NDR
kinases is marked as the “P-site.” (C) The 3D structure of an area of the Elo1 kinase domain showing a fragment of the B8 strand that carries G249
(mutated to V in elo7-7). The area is in proximity to the conserved PxxP motif in the C-terminal tail of AGC kinases.
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Figure 4 Elo1-GFP is restricted to the posterior cortex. (A-D) Confocal immunofluorescence images of cells expressing Elo1-GFP under the native
promoter, labeled with anti-GFP (red), anti-centrin (green) antibodies and DAPI (blue). The cells are in interphase [(A and A’) show the ventral and dorsal
side of the same cell, respectively], early cell division with a young oral primordium ((B and B’) show all signals and just Elo1-GFP, respectively), cortical
subdivision (C) and cytokinesis (D). (E) Images of a posterior portion of a single ciliary row extracted from the cell shown in (B and B’) (white outline),
shown at a higher magnification. The images of Elo1-GFP (red), centrin (green) and both signals are shown. Below are corresponding intensity plots of
the Elo1-GFP and centrin signals. Note multiple peaks of Elo1-GFP that correspond to the basal bodies. The signal intensity of Elo1-GFP decreases with
the increased distance from the posterior cell end. a, anterior end of the section of ciliary row; p, posterior end of a section of the analyzed ciliary row.
(F). An SR-SIM image of a dividing cell labeled with the anti-GFP (red) and anti-centrin (green) antibodies. The cell is in an early stage of development of
the oral primordium. Note that the Elo1-GFP signal is visible along each ciliary row from the posterior cell end and to the bottom of the oral primordium.
The inset shows a higher magnification of the area where the oral primordium forms. The two arrows mark the anterior and posterior boundaries of the
oral primordium where the basal bodies are present on the left side of the stomatogenic ciliary row. noa, new oral apparatus; cs, cortical subdivision.
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direction at the onset of cortical subdivision (Jiang et al.
2017). These observations suggest that Elol and Cdal are
parts of two separate Hippo signaling circuits that act at con-
secutive stages of cell division. To test this idea further, we
examined a double mutant. We took advantage of a seren-
dipitous finding that adding GFP to an otherwise wild-type
Cdal (cdal-gfp allele) leads to a hypomorphic temperature-
sensitive phenotype. At 29° the cdal-gfp cells divide normally
(Jiang et al. 2017; and Figure 5, A and C). At 39°, the cdal-gfp
cells had a mild (but significant) anterior displacement of the
division plane (Figure 5, B and C), but lacked nuclear or
cytokinesis defects, which frequently occur in the cells
expressing the stronger allele, cdal-1 (Jiang et al. 2017). To
determine whether, and when, Elo1l and Cdal interact, we
compared the A/P ratios between the elol-1 and elol-1_
cdal-gfp cells that were either in the early or late phase of
cell division (based on the absence or presence of cortical
subdivision, respectively). As already mentioned, in the
elo1-1 single mutants (at both 29 and 39°), the A/P length
ratio partially normalized as the division progresses (Figure
2, D and E and Figure 5H). For example, in the elo1-1 cells (at
39°), the A/P ratio decreased from 2.77 + 0.7 (n = 14) in the
early phase to 1.36 = 0.12 (n = 15) in the late phase (Figure
5H). In the elol-1 cdal-gfp double mutant cells examined
during the early phase, the A/P ratio was not significantly
different from that of the elo1-1 single mutant cells either at
29 or 39°, indicating that Cdal does not influence the division
plane position before the appearance of cortical subdivision
(Figure 5, D and H). In the double mutant cells examined
during the late phase at 39° (but not at 29°), the division
plane significantly shifted anteriorly as compared to elol-1
cells alone (Figure 5, E, F, and H). In the late phase at 39°, the
A/P ratio was 1.00 = 0.1 (n = 15) in elol-1_cdal-gfp as
compared to 1.36 = 0.12 in elo1-1 (n = 15). To summarize,
the double mutant cells initially have the phenotype of
elol-1 and normalize during the later phase due to the
effect of cdal-gfp. Thus, Cdal and Elol act antagonistically
but affect different stages of cell division (Figure 1B). Elo1
specifies the initial position of the division plane on the
anteroposterior axis, while Cdal maintains the equatorial
position of the division plane, and, as we showed earlier
(Jiang et al. 2017), promotes nuclear divisions and
cytokinesis.

Overexpression of Elo1 phenocopies a loss of Cdal

To test how important the levels of Elo1 are, we overexpressed
GFP-Elo1 (using the cadmium-inducible MTT1 promoter) in
a wild-type background. Cells overproducing GFP-Elo1 trans-
gene had a mild anterior shift of the division plane (Figure 6,
A and B, cf. Figure 2, A and B). This displacement was ap-
parent already at the stage of early oral primordium (Figure
6A). In these overproducing cells, the GFP-Elol zone was
greatly expanded to cover almost the entire cell, including
the oral primordium and the old oral apparatus (Figure 6,
A-B"). Thus, upon overproduction, the zone of Elo1 expres-
sion is larger than what would be expected based solely on
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the mildly shifted position of the division plane. Likely,
another factor limits the ability of Elol to mediate the
exclusion of the divisional activities from the posterior
cortex. The overproduced GFP-Elol highlighted the basal
bodies, but also the old contractile vacuole pores (Figure
6, A and B’), suggesting that Elo1 binds to microtubules.
We conclude that the size of the cortical domain of the
emerging posterior daughter depends on the cellular levels
of Elol.

Next, we examined cells in which the MTT1-GFP-Elo1
transgene operated in the elo1-1 background. As mentioned
earlier, without addition of cadmium ions, most of these cells
had a normal equatorial cell division plane (Figure 2, G-I).
Unexpectedly, in around one-third of the examined clones
with an MTT1-GFP-Elo1 transgene in an eloI-1 background,
induction of overexpression (by cadmium ions for 3 hr)
caused a cell cycle arrest, nuclear segregation defects, and
a strong anterior displacement of the division plane, which is
a phenocopy of the strong CDAI loss-of-function allele, cdal-1
(Jiang et al. 2017); in one clone examined by immunofluo-
rescence, 85% (n = 47) of cells showed a cdal-1 phenotype
after 3 hr of exposure to cadmium ions (Figure 6, C-D).
Thus, in the elo1-1 background overproduced GFP-Elo1 could
interfere with the function of Cdal. The simplest scenario is
that an excessive GFP-Elo1 outcompetes a Lats/NDR kinase
that acts downstream of Cdal, for binding to Mob1 (Figure
1B, and see Discussion). It remains unclear why this apparent
interference with the proposed late Hippo circuit would occur
only when GFP-Elol is overexpressed in the elol-1 back-
ground. If the two circuits share the same Mob adapter,
Mobl, one possibility is that GFP-Elo1, once loaded onto
Mob1 as part of the proposed early Hippo circuit, is less likely
than the wild-type Elo1 to be released from the Mob1 com-
plex, to make room for the Lats/NDR kinase that operates in
the proposed late Hippo circuit.

Discussion

It is now well established that ciliates utilize the Hippo kinase
cascade to execute their unique mode of cell division by
tandem duplication [this work and Tavares et al. (2012),
Slabodnick et al. (2014), Jiang et al. (2017)]. Tavares and
colleagues first linked the Hippo pathway to cell division
in ciliates by showing that a knockdown of Mob1 in
Tetrahymena results in an excessively anterior division
plane and defects in cytokinesis and nuclear divisions
(Tavares et al. 2012). A similar phenotype results from a loss
of Cdal, a Hippo/Mst kinase (Jiang et al. 2017). Here we find
that ELOI, whose loss of function displaces the division
plane toward the posterior end (Frankel 2008), encodes an-
other Hippo pathway component, a Lats/NDR kinase, a con-
served binding partner of Mob adapters. We will argue that
the opposite influences of different Hippo pathway proteins
on the division plane position reflect the activities of two
antagonistic and consecutive Hippo signaling circuits that
may share the same Mob adapter, Mob1 (Figure 1B).
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Figure 5 Elo1 and Cdal act in two consecutive
Hippo circuits. (A-C) Addition of GFP to the
C-terminus of Cdal confers a temperature-
sensitive hypomorphic Cdal phenotype (cdal-gfp).
The cells are labeled with anti-centrin (green)
and anti-GFP antibodies that detect Cdal-GFP
(red). (A and B) A cdal-gfp cell at a 29° (A) or
39° (B). Note the anterior shift of the division
plane at 39°. (C) The A/P ratios of either wild-

Cdal-GFP

elo1-139°C

type or cdal-gfp cells at 29° or 39° (3 hr expo-
sure). Note a significant decrease in the A/P
ratio in the cdal-GFP cells at 39°. Numbers of
total scored cells are indicated. Error bars are
SD and the asterisks mark significant differ-
ences (two-sided t-test, P < 0.01). (D-F) Dou-
ble mutant elo7-1_cdal-gfp cells grown at 39°.
Note that the division plane is excessively pos-
terior at the earliest stage of cell division (D)
and becomes nearly medial in the later stages
(E and F). (G) A late phase elo7-1 cell at 39°. (H)
The A/P ratios of elo7-1 or elo1-1_cdal-gfp cells
during either the early or late stage of cell di-
vision and either at 29 or 39° (3 hr). The hori-
zontal dotted line represents the A/P ratio value
of wild-type cells at 29° at the late phase of cell
division. Note the rescue of the A/P ratio in the
double mutant at 39°. Numbers of total scored
cells are indicated. Error bars are SD and the
asterisks mark significant differences (two-
sided t-test, P < 0.01). On the left side of (A,
B, and D-G): the horizontal arrow indicates the
position of the division plane and the vertical
bars mark the lengths of the presumptive
daughter cells.

The early Hippo circuit involves Elo1

The elol-1 mutation causes the oral primordium to appear
at an excessively posterior position. Likely, Elol binds to a
Mob adapter and acts downstream of an unknown Hippo/
Mst kinase (Figure 1B). The Mob partner of Elol is likely
Mob1, based on the virtually identical localization patterns
of the two proteins (Tavares et al. 2012 and this study,
Figure 1A). However, an inducible knockdown of Mobl
phenocopies a loss of Cdal (Tavares et al. 2012; Jiang et al.
2017) and not Elol, consistent with Mobl acting in the
late Hippo circuit (see below). It is therefore possible

| 6] 14| 16| 110] |16] 115 112 115]
29°C  39°C 29°C 39°C  29°C 39°C 29°C 39°C
elo1-1 elo1-1 elo1-1 elo1-1

+ Cdal-GFP + Cdal-GFP
early late

that Mob1 is shared by the two Hippo circuits. When
the depletion of Mobl1 is induced in a growing population
(Tavares et al. 2012), most cells are in interphase and
may have a sufficient quantity of Mobl and Elol already
loaded onto the posterior cell cortex. Alternatively, Elol
may bind another Mob adapter. Tetrahymena was believed
to have only one gene encoding Mob, Mob1l (Tavares et al.
2012). However, we note that an unstudied protein
TTHERM_001262898 is similar to Mob4, a subtype of Mob
present in animal lineages (Trammell et al. 2008; Ye et al.
2009).
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wt+ovElo1
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Figure 6 Overexpression of Elo1in the wild-type background shifts the division plane anteriorly, and overexpression in the elo7-1 background pheno-
copies a loss of function of Cdal. (A-D’) Images of cells that overproduce GFP-Elo1 in the wild-type (A-B’) or elo7-7 (C-D’) background (induced by
cadmium chloride for 3 hr at 2.5 wg/ml). For each cell the signals of anti-centrin and DAPI (A-D) and anti-GFP-Elo1 (A'-D’) are shown.

Cdal acts in the late Hippo circuit

During expression of conditional alleles of Cdal, the division
plane is initially properly positioned (at the stage of oral
primordium), and, at the subsequent stage (of cortical sub-
division), shifts in an anterior direction (Jiang et al. 2017 and
this study). This displacement does not appear to be merely a
physical process; as the oral primordium moves, the sections
of the ciliary rows between the old and new oral apparatus
shorten, likely by resorption of their basal bodies (Frankel
2008; Jiang et al. 2017). Thus, the division plane migration
appears to be a developmental respecification that changes
the boundaries of the anterior and posterior daughter. In
addition to the control of the division plane position, Cdal
is also important for the completion of nuclear divisions and
cytokinesis (Jiang et al. 2017).

The terminal phenotypes caused by Cdal and Mob1 loss of
function are strikingly similar (Tavares et al. 2012; Jiang et al.
2017), arguing that the late Hippo switch involves Cdal,
Mob1, and an unknown Lats/NDR kinase (Figure 1B). While
the localization patterns of Cdal and Mob1 are mostly non-
overlapping, the two proteins colocalize at the posterior mar-
gin of the forming anterior daughter, and this exact stage of
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cell division is sensitive to the losses of either Cdal or Mob1l
(Tavares et al. 2012; Jiang et al. 2017).

The unifying property of the two Hippo proteins studied
here, Elol and Cdal, is that they both act by excluding the
divisional activities from parts of the cell cortex. The compo-
nents of Hippo signaling components studied thus far (Mob1,
Cdal, and Elol) are all asymmetrically localized along the
anteroposterior axis, but uniformly distributed along the cell
circumference. The unique environment of the cell extremities
(such as the different plasma membrane curvatures) could
provide cues for the polarization of Hippo proteins. In rod-
shaped cells, including fission yeast and bacteria, cell ends are
sources of protein gradients that confer spatial control over the
cell cycle (reviewed in Kiekebusch and Thanbichler 2014). In
the Tetrahymena conl-1 mutant, an altered shape of the pos-
terior cell end correlates with a posteriorly displaced divi-
sion plane (Doerder et al. 1975; Lynn 1977; Schéfer and
Cleffmann 1982). On the other hand, in Tetrahymena whose
posterior end was destroyed by cell—cell fusion, the oral pri-
mordium appears at a correct position and the nuclei are
correctly guided with respect to the anteroposterior cell axis
(Gaertig and Iftode 1989; Gaertig and Cole 2000). Thus, the
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mechanisms that generate the biased cortical localizations of
Hippo pathway proteins along the anteroposterior axis re-
main unknown.

We note that Elol and Cdal are not needed for the de-
termination of the different fates of cortical domains that form
the daughter cells. Rather, these Hippo proteins regulate the
sizes of cortical domains that differentiate into the two daugh-
ters. In animals, Hippo signaling regulates the size of body
organs by influencing both the rate of cell proliferation as well
as the growth rate and ultimately the size of individual cells
in the organ (Neto-Silva et al. 2010; Tumaneng et al. 2012;
Lloyd 2013). When Hippo signaling is active, the ciliate is
in transition from a single-cell to a transient two-cell stage.
Thus, in the broadest terms, the role of Hippo signaling in the
control of cell size in a multicellular context might well be
conserved between ciliates and animals. Further research of
Hippo signaling in the model ciliates has potential for extend-
ing our understanding of the mechanisms of pattern forma-
tion and the control of cell size.
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