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Abstract. FOP is a centriole satellite protein involved in ciliogenesis. Although centriole satellites are involved in centrosome and cilium-
related protein trafficking, their functions related to ciliary assembly and maintenance of ciliary microtubule stability remain unclear. In
this study, the function of the FOP gene in Euplotes amieti was investigated by interfering with its expression using RNAi. As a result,
expression levels of the ciliary assembly-related proteins BBS8 and IFT88 were down-regulated. Swimming speeds also decreased and the
Euplotes were only able to spin in circles, which suggested that the FOP protein is an important protein involved in ciliary motion. Further
observations of Euplotes amieti microstructure and ultrastructure via immunofluorescence and transmission electron microscopy revealed
that FOP not only participated in the formation of the ventral ciliary basal body but also played an important role in the maintenance of
cortical microtubules, which is fundamental for the morphological structure of Euplotes amieti.

Keywords: Euplotes amieti, FOP, cortical microtubule, cytoskeleton, cilia

INTRODUCTION

Cilia are organelles widely distributed from pro-
tozoa through to humans and exist on the surface of
most cells (Goetz and Anderson 2010). They play im-
portant roles in the development of the organism and
the maintenance of normal physiological functions
of tissues and organs. Cilia are highly evolutionarily
conserved. They are composed of a basal body, transi-
tion zone, axoneme, ciliary membrane, and ciliary tip
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(Dentler 1980). The basal body is a compact particle in
the root of the cilium, with a diameter of about 200 nm
measuring around 550 nm long. The basal body is ho-
mologous to centrosomes, and its core structure is evo-
lutionarily conserved. It is a hollow structure enclosed
by nine triplet microtubules and can be roughly divided
into three parts: proximal, basal cavity, and distal, based
on its ultrastructure (Pearson and Winey 2009; Bayless
et al. 2015). As an important structure of cilium, the
basal body is the basis of cilium assembly and is also
involved in the initiation and anchoring of non-cilium
microtubule assembly. However, much key information
about the protein composition of basal bodies and their
specific functions remains elusive. Most ciliary pro-
teins are evolutionarily conserved and play the same
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role within the motile cilia of protozoa and vertebrates,
including humans. Due to these similarities, protozoa
became an attractive biological model for studying cili-
ary biology in general. Recent studies using protozoa,
particularly ciliates, have shown that some of the core
modules of multicellular signaling pathways are pre-
sent and are preserved in unicellular organisms. Fur-
thermore, ciliates have distinct tubulin gene isoforms
and, therefore, may help unravel the changes in micro-
tubule stability found in metazoan cells, including hu-
mans (Libusova and Draber 2006).

In recent years, some studies have demonstrated
that the basal body is involved in microtubule modifi-
cation which can maintain microtubule stability. Lok-
tev et al. (2008) found that knocking out the human
retinal pigment epithelium ciliary basal body protein
BBIP10 inhibited ciliary assembly by reducing intra-
cellular tubulin acetylation levels. In contrast, Berbari
et al. (2013) established that loss of cilia resulted in
excessive acetylation of tubulin. In Tetrahymena, the
basal body protein Pocl maintained basal body stabil-
ity by increasing the connections between the triplet
microtubules (Meehl et al. 2016). Therefore, starting
from the basal body and its associated proteins, we can
explore the molecular regulation mechanism govern-
ing the assembly of ciliary and cortical microtubule cy-
toskeletons in ciliates.

Proteomic studies of cilia have revealed that there
are more than 1,000 proteins involved in ciliary struc-
ture, function, and assembly (Gherman et al. 2000).
Mutations in more than a thousand ciliopathy-related
proteins, spanning the tubulin, centrosome, Bardet-
Biedl syndrome (BBS), and intraflagellar transport
(IFT) family proteins, are known to contribute to vari-
ous ciliopathies, such as polydactyly, polycystic kidney
disease, infertility, and other related conditions (Chen
et al. 2023). These proteins are called ciliopathy-asso-
ciated proteins. At present, 187 ciliopathy-associated
proteins and 241 candidate proteins have been found
(Reiter and Leroux 2017). Most of these were found to
be localized in the basal body. For example, the BBS
family proteins (Forsythe et al. 2018), which are pre-
dominantly localized to basal body, are involved in
the transport of Golgi apparatus vesicles during cili-
ary assembly and ciliogenesis (Mockel et al. 2011).
Nephronophthisis (NPHP), Marfan Syndrome (MKS),
and the IFT protein families are also localized in the
distal transition zone of basal body (Williams et al.
2011; Deane et al. 2001). Recently, it was shown that
alterations in the FOP gene, lead to Crohn’s disease,

Graves’s disease, and vitiligo (Cabaud et al. 2018; Shen
et al. 2016). FOP was initially found in patients with
a rare stem-cell myeloproliferative disorder (Vizmanos
et al. 2004). It is a fusion partner of FGFR1, also known
as the FGFR1OP. FOP is an important component of
the centrosomal satellite and was shown to be involved
in cilium formation (Mikolajka et al. 2006). Although
centrosomal satellites are implicated in the transporta-
tion of proteins associated with centrosomes and cilia,
the roles of FOP in ciliate basal body localization, cili-
um assembly, depolymerization, and microtubule mor-
phogenesis remain unclear.

To assess the cellular and subcellular localization of
FOP, immunofluorescence, and transmission electron
microscopy techniques were used. FOP was mainly lo-
calized in the nucleus, and basal body of ventral cili-
ary organs (adoral zone of membranelles, caudal cir-
rus, frontal ventral cirrus, transverse cirrus), and their
accessory microtubules. The role of FOP in ciliary
dynamics, ciliary assembly, and stability maintenance
of cortical microtubule cytoskeleton was explored by
silencing its gene using RNAi. These results provided
information vital for further exploration of the mecha-
nisms of regulation and maintenance of the assembly
and stability of cortical microtubule cytoskeleton in hy-
potrichous ciliate.

MATERIALS AND METHODS

Cultural conditions of Euplotes amieti and Clostrid-
ium elongatum

Euplotes amieti was obtained from a farm pond near the Qingpu
District, Shanghai. The Euplotes were cultured in the laboratory and
purified. The water temperature was 25 + 0.5 °C, and the Euplotes
amieti were fed on Clostridium elongatum. To avoid the interfer-
ence of chlorophyll in green algae, 500—1000 mL Clostridium elon-
gatum was fed to cells in each 500 mL suspension, and the feeding
was stopped after the cells reached the logarithmic growth period.
Euplotes amieti fed with green algae were transferred to 50 mL of
pure water for 72 hours and the experiment was then performed.

The Clostridium elongatum was cultured in Synthetic Medium
for Chlorogoium (SMC) in a 25 °C constant temperature illumina-
tion incubator. When the green algae turned yellow, it was recul-
tured in an agarose solid culture medium, the clones were selected
and inoculated into the SMC medium.

Construction of interference expression vector

The total genomic DNA of Euplotes amieti was extracted, and
the FOP gene was amplified and ligated with the pMD18-T vector
(Primers are in Table 1). The target band was then ligated using the
L4440 vectorafter double digestion with restriction enzymes (Hind I



Table 1. Primers used for FOP gene amplification.

Gene Primer sequence (5’ to 3')
FOP F: TCCGATCTCCCCAAAACCCC
R: TTCCGATCTCCCCAAAACCCC

Product length (bp)
1162

and Sma I) and transformed into RNaselll-deficient in E. coli
HT115. The plasmid was extracted from the transformed positive
clone strain and sequenced (Sangon Biotech, Shanghai, China).
The sequence alignment of the recombinant plasmid L4440-FOP
was completely identical to the genomic FOP gene in the support
information.

Bacteria were divided into two groups: the gene silence group
is the E. coli HT115 containing the recombinant expression vector
L4440-FOP, and the blank group is the E. coli HT115 containing
an empty plasmid vector L4440 which did not have the FOP gene
fragment inserted. Both groups of bacteria were fed separately to Eu-
plotes amieti following the method reported by Paschka et al. (2003).

For RNA1, 100 mL dilution of cultured E. coli HT115 was in-
oculated into LB liquid medium and cultured at 210 rpm and 37 °C
for 180 min. When OD,, = 0.4, IPTG was added to achieve a final
concentration of 0.4 mM and was then cultured for 4 hours to in-
duce the expression of dSRNA. The bacteria were eluted with 1 mL
of double-distilled water and fed with 30 pL of dsSRNA-expressing
E. coli HT115 every 2 x 10° euplotes.

Immunofluorescence

The cells were fixed in 4 % paraformaldehyde at room tempera-
ture for 10 min and transferred onto poly-L-lysine coated slides,
permeabilized with 0.5 % TritionX-100. Cells were blocked in
0.1 M PBS with tween (PBST) containing 3 % bovine serum albumin
(BSA) for 30 min at room temperature and incubated in a rabbit anti-
human FOP polyclonal primary antibody (1:1600) (Proteintech, Cat
No. 11343-1-AP, China) overnight at 4 °C. After washing, cells were
incubated in the coralite488-conjugated goat anti-rabbit IgG (H+L)
(1:200) (Proteintech, Cat No. SA00013-2, China) for 45 min at room
temperature. Cells were briefly washed and covered with 15 pL
Slowfade Gold Antifade Mountant with DAPI (Thermo Fisher Sci-
entific, USA). Images were then acquired with an Olympus I1X81
(Japan) fluorescence microscope. For Flutax-2 staining, cells were
fixed and then incubated in Flutax-2 (Oregon Green™ 488 conju-
gate, Invitrogen, USA) for 10 min at RT without permeabilization.

Immunoelectron microscopy

The cells were fixed in a fixative solution containing 2 % para-
formaldehyde and 0.25 % glutaraldehyde (1:1) for 60 min, and de-
hydrated in gradient acetone dehydration (30 %, 50 %, 60 %, 70 %,
80 %, 90 %, and 100 %) for 15 min each. Then, cells were gradually
permeated in a 1:1 and 1:3 mixture of LR-White embedment and
100 % ethanol for 60 min, and in pure LR-White embedment over-
night. LR-White pure entrapment agent was applied on a shaking
bed for 2 hours. Finally, cells were embedded in a pure LR-White
embedment at 50 °C for 48 h. The blocks were cut into 50 nm sec-
tions and treated with 1 % H,O, for 15 min to repair the antigens and
then blocked with 0.1 M PBS containing 3% BSA for 60 min. Cells
were incubated in a rabbit anti-human FOP polyclonal primary an-
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tibody (1:1000) (Proteintech, Cat No. 11343-1-AP, China) at room
temperature for 2 hours, then in the 10 nm colloidal gold-conjugated
goat anti-rabbit IgG (1:20) (Sigma-Aldrich, Cat No. G3779, USA)
for 1 hour at room temperature. Finally, samples were stained with
2 % uranyl acetate for 60 min and visualized using a transmission
microscope (JEM-1400).

Western Blotting

Cells were harvested and lysed in cell lysates containing 1 %
protease inhibitors (Merck, USA) for western blotting to detect pro-
tein expression. Protein concentration was determined using a BCA
kit (Merck, USA). Then 20 pg of each protein sample was separated
in an 8 % polyacrylamide gel and transferred onto polyvinylidene
difluoride membranes in electro-blotting buffer (0.58 % Tris base,
0.29 % glycine, 0.037 % SDS, 1 % methanol) at 4°C for 120 min.
Subsequently, the membranes were blocked in TBST buffer with 1 %
skimmed milk for 2 hours at RT and respectively incubated with rab-
bit anti-human FOP (1:2000, Proteintech, China), rabbit anti-human
B-tubulin (1:10000, Abcam, USA), rabbit anti-human BBS8 (1:500,
Proteintech, China), rabbit anti-human IFT88 (1:1500, Proteintech,
China), mouse anti-human fy-tubulin (1:10000, Sigma-Aldrich,
USA), rabbit anti-human B-actin (1:10000, Proteintech, China) over-
night at 4 °C, followed by peroxidase-conjugated sheep anti-rabbit/
mouse IgG secondary antibody (1:2000, Thermo Fisher Scientific,
USA) for 2 hours at RT, respectively. Finally, the membranes were
quantified by enhanced chemiluminescence (ECL) reagents (Clar-
ity™ Western ECL Substrate; Bio-Rad Laboratories, Inc., Hercules,
CA, USA) and quantified using Quantity One software 4.6.7 (Bio-
Rad Laboratories. Inc., USA). The ratio of the optical density of the
target protein to the optical density of B-tubulin or B-actin was esti-
mated as the relative expression level of the target protein.

Swimming speed and trace determination

4-8 Euplotes amieti cells were transferred onto Petri dishes
(90 mm in diameter), covered with slides, and photographed every
0.3 sec under a 10 x microscope objective. The swimming trace
was analyzed using Image J, and the swimming speed was analyzed
using Prism.

Statistical analysis

All experiments were repeated three times. All data are pre-
sented as the means + standard error of the mean. Two independent
samples t-tests were used for comparative analysis between the two
groups and data were statistically analyzed using GraphPad Prism.
P <0.05 was considered statistically significant.

RESULTS

FOP was localized to the microtubule organelles of
the ventral cilia and the macronucleus of Euplotes
amieti

Ciliates are protozoa covered with cilia on their cell
surface. Euplotes are typical hypotrichous ciliate. It
contains an extremely complex cortical microtubular
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cytoskeleton and various types of microtubule-organ-
izing centers. The cilia are highly differentiated into
motile ventral cilia and non-motile dorsal kineties.
The cilium is continuously depolymerized and reor-
ganized within the cell cycle (Ishikawa and Marshall
2011; Bouhouche et al. 2022), which is regulated by
several centriole proteins. In Euplotes amieti, the ven-
tral ciliary organelles are formed by the adoral zone of
membranelles (AZMs), one paroral membrane (Pm),
nine frontal-ventral cirri (FVCs), five transverse cirri
(TCs), two caudal cirri (CCs), and two left marginal
cirri (LMCs). There are also several ciliary-associated
microtubules in the ventral cortex, such as the anterior
longitudinal microtubules (ALM) and posterior longi-
tudinal microtubules (PLM) (Fig. 1A). To determine
whether FOP is localized at the basal bodies in Euplotes
amieti, FOP was labeled using an immunofluorescence
technique, and its localization in Euplotes amieti was
observed using fluorescence microscopy.

The immunofluorescence results showed that the
macronucleus of Euplotes amieti was a digital “3” type,
as noted via DAPI staining (S1A). FOP was mainly
localized at the base of the ventral ciliary organelles,
including the AZM, Pm, FVC, TC, CC, LMC, and
their accessory microtubules, including ALM and PLM
(Fig. 1B and C). As a centriole protein, FOP is an im-
portant protein for cilium formation (Lee and Stearns
2013). However, it was not observed on the dargyrome
or at the base of the dorsal kineties. To further clarify
the localization of FOP in Euplotes amieti, the subcel-
lular localization of FOP was observed by immunoelec-
tron microscopy. These investigations showed that, in
Euplotes amieti, FOP was localized at the basal bodies
and their surrounding microtubules, the ridge between
transverse cirrus, and the macronucleus (Fig. 1D, S1B).

Taken together, these findings indicate that FOP is
predominantly localized in the basal bodies of the ven-
tral cilia and the ciliary associated microtubules in Eu-
plotes amieti.

Silencing of FOP was lethal for Euplotes amieti

We performed RNAI by feeding E. coli HT115 con-
taining recombinant plasmid L4440-FOP dsRNA. Cells
were divided into three groups: the normal group was
fed with C. longiflorum, the blank group was fed with
E. coli HT115 containing an empty plasmid vector, and
the RNAi group was fed with E. coli HT115 contain-
ing a recombinant plasmid expressing FOP dsRNA.
The growth curves showed that the number of Euplotes
amieti in the normal and blank groups gradually in-
creased from days 2-6, but population decline in the
blank group was observed from day 6, possibly because
E. coli could not provide the nutrients needed for ciliate
growth. However, the number of Euplotes amieti in the
interference group decreased from day 2, and by day 10
the entire population had died (Fig. 1F). The cell sizes
were also compared between the normal group and the
RNAI group, the length of the cell becomes smaller af-
ter interference, but there are no differences between
the RNAI groups (S2E). On the 9" day, the wide of the
cells were smaller than the normal cells (S2F). As a re-
sult, the cell aspect ratio on the 9" day was also bigger
than that on the 7" day (S2G). In conclusion, following
FOP expression interference, Euplotes amieti growth
was inhibited, and silencing of FOP was lethal for Eu-
plotes amieti. Due to these effects, the Euplotes fol-
lowing 9 days of feeding with the interfering plasmid
were used for the follow-up experiment. To confirm the
expression level of FOP after RNAi, we detected them
by qPCR and western blotting, the results showed that
the expression of FOP was significantly downregulated
in the interference group than that in the blank group,
however, there were no significant differences between
the normal and blank group expression levels (Fig. 1G
and H). These results indicate that the gene silencing
of FOP was successful by interfering FOP by feeding.

Following these observations, an anti-FOP antibody
was used to detect the localization of the FOP protein

>>

Figure 1. Expression and localization of FOP before and after RNAi in Euplotes amieti. (A) The pattern diagram of basal bodies of ventral
cirri and their accessory microtubules in Euplotes amieti. (B, C) Localization of FOP in the ventral cortex, arrows indicate the ciliary-
associated microtubules, such as the PLM and ALM, bar = 20 um. (D) Immuno-electron microscopy view of FOP, which is localized at
the basal bodies of ventral cilia, arrows indicate the gold particles, for the above figure, bar = 1 um, for the below figure, bar = 500 nm.
(E) Localization of FOP in the ventral cortex after RNAI, green fluorescence indicates the positive staining for the anti-FOP antibody, and
red fluorescence indicates the positive staining for the anti-y-tubulin antibody, the white triangles indicate the broken off ventral cirri and
the black triangle indicates the localization of FOP on the macronucleus, bar = 20 um. (F) Growth curve of Euplotes amieti during RNA..
(G) Relative expression of FOP gene after RNAI, ** P < 0.01 vs the blank group. (H) Relative expression of FOP protein after RNAI,
* P < 0.01 vs the blank group. Ma, Macronucleus; Mi, Micronucleus; AZM, adoral zone of membranelles; Pm, paroral membrane; FVC,
frontoventral cirri; TC, transverse cirri; CC, caudal cirri; LMC, left marginal cirri. PLM, posterior longitudinal microtubules; ALM, anterior
longitudinal microtubules.
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in Euplotes amieti following RNAI treatment (Fig. 1E).
y-tubulin was used as a marker of the basal body. The
results showed that from the 3™ day, the axoneme of
ventral cirri, such as the adoral zone of membranelles,
the frontal-ventral-transverse-caudal cirri, and the mar-
ginal cirri, gradually broke off from their basal bodies.
On the 7™ day, most of the ciliary microtubules had dis-
assembled but the basal bodies still existed. On the 9"
day, the ventral basal bodies could not be observed ex-
cept in the adoral zone of the membranelles.

Part of the microtubule structure of Euplotes amieti
was disassembled after interference

Localization of Flutax-2 was used to show changes
in the ciliary basal body and microtubular cytoskeleton
in Euplotes amieti after RNA interference treatment to
suppress the expression of FOPat3d,5d, 7d,and 9 d
(Fig. 2A).

The results showed that the structure of the cilia
and their accessory microtubules in Euplotes amieti
changed as the number of interference days increased.
On the 3 day after RNA interference, in the interfer-
ence group, part of the ALM, and the PLM of transverse
cirri had been disassembled. The basal bodies were still
present. There were slight positive marks in the nucle-
us. However, during this same time point, the cellular
morphology in the blank group remained unchanged,
and the microtubule organelles and basal bodies were
still observable. From the 5" day to the 7" day, in the
interference group, all the ciliary-associated microtu-
bules were disassembled, and a small number of basal
bodies of FVC and the membranes of the adoral zone of
membranelles were also visible. On the 9" day, almost
all of the ciliary microtubules in the Euplotes amieti in
the interference group were not labeled by Flutax-2. It
was hard to observe basal bodies of the ventral cirri,
the structure of the adoral zone of membranelles had
begun to disintegrate gradually, and the membranes had
become thinner. However, the cellular morphology of
the Euplotes in the blank group had not changed sig-
nificantly compared to that observed from the 5" day

to the 9" day. In addition, the morphology of the ma-
cronucleus didn’t change in all the groups during FOP
interference (S2A-D).

The cortical microtubule cytoskeleton of Euplotes
amieti was disassembled after RNAI

As shown by transmission electron microscopy, Eu-
plotes amieti has developed dorsal-ventral differentiat-
ed structures and forms different cortical microtubules,
which are the ciliated microtubules and non-ciliated
microtubules. The non-ciliated cortex of Euplotes con-
tains microtubule organelles formed by the polymeriza-
tion of single or multiple microtubules. Various micro-
tubule organelles are localized in a specific cortex with
different structural features.

The dorsal subcortical microtubules in the normal
group contained triplet microtubules, which formed
a triangle structure, arranged at 30 nm intervals. The
same structure was observed in the blank group. In con-
trast in the interference group, this structure in the dor-
sal cortex was not present, and they had lost 1-2 triplet
microtubules. In addition, the ventral subcortical micro-
tubules were formed by a single microtubule arranged
at 70-90 nm intervals in the normal group, however, in
the interference group, some subcortical microtubules
in the ventral cortex disappeared (Fig. 2B).

The expression of FOP-related proteins decreased
following RNAI

The efficiency of the RNAi was validated by assess-
ing the expression of proteins associated with microtu-
bule assembly and basal bodies using western blotting.
The results showed there were no significant differ-
ences in the expression levels of y-tubulin between
the interference, blank, and normal groups (P > 0.05)
(Fig. 3C). However, the expression levels of IFT88 and
BBS8 were significantly decreased in the interference
groups (p < 0.05), indicating that these ciliary assem-
bly-associated proteins were downregulated when FOP
expression was silenced (Fig. 3A and B). The above
results suggest that FOP may be involved in the cilia

>>

Figure 2. Changes in the microtubule cytoskeletons of Euplotes amieti before and after RNAi. (A) Euplotes amieti were labeled with
Flutax-2 on the 3, 5, 7" and 9" days after being fed with E.coli HT115. FOP®™i represents the interference group. Arrows indicate the
cilia-associated microtubules, blank triangles indicate the CC and white triangles indicate the FVC. Bar = 20 pm. (B) Ultrastructure of cor-
tical microtubules in Euplotes amieti after RNAi. The above figures are from the dorsal cortex, and the below figures are from the ventral
cortex. The white triangles indicate the typical triplet microtubules in the dorsal cortex of Euplotes. The black triangles indicate the single
microtubule in the ventral cortex of Euplotes. Arrows indicate the microtubule disassembly in the dorsal and ventral cortex after RNAi. Bar

=500 nm.



The Function of ciliopathy protein FOP on cilia 51



52 J.Wu et al.

Figure 3. Protein loss and motility changes after RNAi. (A) Relative expression of basal body-associated protein BBSS. **P < 0.01 vs
the blank group, n = 3. (B) Relative expression of cilia assembly-related protein IFT88. **P < 0.01 vs the blank group, n = 3. (C) Relative
expression of basal body protein y-tubulin. (D) The swimming tracks of Euplotes amieti during RNAi. The swimming speeds (n = 20). The
FOP®Ai s the interference group, The Blank is the blank group (E) The swimming speeds of Euplotes amieti during RNAi (n = 20).

assembly in association with the cilia assembly-related
proteins BBS8 and IFT8S.

The swimming speed of Euplotes amieti decreased
and the swimming trace changed after RNAI

We have shown that interfering with FOP expression
affected ciliary microtubule stability in Euplotes ami-
eti. To detect whether it also affected swimming speeds
or trajectories, Gogendeau’s (2020) approach was re-
ferred to with some improvements. In total, 4-8 Eu-
plotes amieti were transferred to a 90 mm Petri dish
and covered with slides. Images were captured using

a 10x microscope objective every 0.3 sec (Olympus
IX83) and analyzed using Prism and ImagelJ software.

After RNAI application via feeding, the swimming
traces, and velocities of Euplotes amieti were meas-
ured (Fig. 3D and E). The results showed that, on the
3" day, cells in the blank group moved along a straight
line at a speed of 300-500 um per second. In contrast,
the Euplotes amieti in the interference group moved
along a curve, and the swimming speed decreased to
300400 pum per second. On the 5" day after feeding,
the swimming traces and speeds of the Euplotes amieti
in the blank group did not change, whereas the Euplotes



amieti in the interference group had lost their ability
to swim in a straight line and instead swam in curves/
circles. Their swimming speed had also reduced to ap-
proximately 40-70 um per second. On the 7" day of
feeding, Euplotes amieti in the blank group maintained
to swim in a straight line at speeds of 300400 pm per
second. However, the movement track of Euplotes ami-
eti in the interference group was still circular, and the
swimming speed had decreased even further than ob-
served on the 5" day, down to 30-60 pm per second. On
the 9™ day, the Euplotes amieti silenced with FOP had
completely lost the ability to travel in a straight line,
moving only on circular paths, and the swimming speed
was just 2 pm per second.

DISCUSSION

FOP is an important component of centriole satel-
lites, which are also located in centrosomes. Centroso-
mal satellites have been extensively studied in drosoph-
ila and mammals. They are dense particles composed of
many proteins involved in microtubule organization and
interact with ciliated proteins (Quarantotti et al. 2019).
Our previous work showed that FOP was co-localized
with y-tubulin. In the present study, we found that FOP
was mainly located in the basal and basal body microtu-
bules of the ventral cilia in Euplotes amieti. No localiza-
tion was observed in the dorsal microtubule organelles
such as the dorsum cirri and the dargyrome, indicating
that the protein did not participate in the assembly of
the dorsum cirri and the dargyrome. The immunofluo-
rescence results also showed that FOP was located in
the accessorial microtubule of ciliary organelles and
the basal body. Bornens (2002) demonstrated that the
basal body is a very important structure for microtubule
anchoring and that the CAP350-FOP complex provides
a centrosome docking site for tubulin for microtubule
nucleation extension. Interference with FOP expres-
sion leads to loss of microtubule anchoring function
and severe disruption of the network (Yan et al. 2000).
In Euplotes amieti, which has well-developed microtu-
bule organelles, similar phenomena were present when
FOP expression was silenced. The immunofluorescence
results following interference showed that the ventral
ciliary axoneme gradually showed different degrees of
breakage as RNAi progressed. On the 9" day, FOP was
not observed on the ventral surface of Euplotes ami-
eti, and the microtubule organelles marked by Flutax-2
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were disassembled. In addition, the Euplotes amieti
in the interference group could not swim in a straight
line and gradually lost their swimming ability as time
progressed, with a complete loss in swimming ability
by day 9 of interference. Early studies have shown that
in cilia, the wobble of cilia requires sustained energy
flow from the basal body to the front dynein, and loss
of function in ciliary genes increases stress cilia for-
mation, impairs ciliogenesis, and decreases swimming
speed. As each division of Euplotes is accompanied by
cilia depolymerization and reassembly (Ammermann
1971), most of the cilia on the cell surface of Euplotes
amieti stopped assembly as the number of days of in-
terference increased. The above results suggest that the
FOP protein is important and involved in cilium for-
mation, and may regulate assembly of ciliary central
microtubule dynein, which regulates the beat of cilia.

Western blotting showed that the expression levels
of BBS8 and IFT88 decreased significantly, while that
of y-tubulin remained unchanged in the FOP interfer-
ence group. These results further indicate that FOP may
interact with BBSS8, a basal body-associated protein,
and acts as a central link between the basal body and
axoneme and promotes the cilium assembly protein
and transports proteins to the front of the cilia, thus pro-
moting cilia assembly.

FOP has been shown to be a centrosome protein
throughout the cell cycle. In ciliates, FOP is also locat-
ed in the basal bodies, they are microtubule organizing
centers during axoneme assembly. It has been reported
that excess FOP after cilia assembly is “sequestered”
in the G2 phase (Acquaviva et al. 2009), but where the
FOP protein is sequestered to is not clearly indicated.
In the present study, following FOP protein expression
interference, some FOP was present in the nucleus.
As a signature protein in the microtubule organizing
center, y-tubulin was first discovered by Stearns et al.
(1991), forming centrosomes in vitro in the presence of
ATP, which suggested that y-tubulin can also regulate
protein nucleation. Therefore, we hypothesized that the
y-tubulin complex plays a regulatory role in cilia as-
sembly and can recruit redundant FOP to the macronu-
cleus in Euplotes following ciliogenesis. In summary,
FOP is involved in the ventral ciliary basal body and
the whole process of ciliogenesis in Euplotes amieti,
and the y-tubulin complex can regulate FOP after cili-
ogenesis.

Euplotes amieti have shown special dorsal-ventral
differentiation, such as the ventral cirri which assemble
into bundles and form different microtubule organelles
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that perform different functions. In Euplotes amieti,
the structure of non-ciliated microtubule organelles is
different in the ventral and dorsal cortex. The ventral
subcortical microtubule layer is formed by a single mi-
crotubule, whereas the dorsal subcortical microtubule
layer is formed by a triplet structure (Fleury 1991).
Transmission electron microscopy showed that when
FOP expression was silenced, the subcortical microtu-
bule structure disappeared completely. Furthermore, as
the number of interference days increased, the cortical
microtubule gradually depolymerized and the cells be-
came larger. This indicated that FOP participated in the
maintenance of the cortical microtubule cytoskeleton
on the dorsal and ventral surfaces, and the subcortical
microtubules play an important role in maintaining the
morphological structure of ciliates.
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S1. The morphology of the nucleus of Euplotes amieti and the localization of FOP. (A) The nucleus of Euplotes amieti labeled by DAPI.
Arrow indicates the micronucleus. Bar = 20 um. (B) Localization of FOP protein in the macronucleus of Euplotes amieti, arrow indicates
the gold particles. Bar = 500 nm.

S2. Changes in the morphology of the macronucleus and cell sizes of Euplotes amieti after RNAI. (A) The nucleus of Euplotes amieti la-
beled by DAPI after RNAi. Bar = 20 um. (B) Changes in the cell sizes of Euplotes amieti. * P < 0.05, **P < 0.01 vs the normal group, n =
16; # P < 0.05, vs the cells on the 7" day, n = 16



