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The secretory pathway in Tetrahymena
is organized for efficient constitutive secretion
at ciliary pockets

Yu-Yang Jiang,1,2 Santosh Kumar,3 and Aaron P. Turkewitz1,4,*
SUMMARY

In ciliates, membrane cisternae called alveoli interpose between the plasmamembrane and the cytoplasm,
posing a barrier to endocytic and exocytic membrane trafficking. One exception to this barrier is plasma
membrane invaginations called parasomal sacs, which are adjacent to ciliary basal bodies. By following a
fluorescent secretory marker called ESCargo, we imaged secretory compartments and secretion in these
cells. A cortical endoplasmic reticulum is organized along cytoskeletal ridges and cradles a cohort of mito-
chondria. One cohort of Golgi are highly mobile in a subcortical layer, while the remainder appear stably
positioned at periodic sites close to basal bodies, except near the cell tip where, interestingly, Golgi are
more closely spaced. Strikingly, ESCargo secretion was readily visible at positions aligned with basal
bodies and parasomal sacs. Thus peri-ciliary zones in ciliates are organized, like ciliary pockets in the highly
unrelated trypanosomids, as unique hubs of exo-endocytic trafficking.

INTRODUCTION

All cells secrete proteins, often prodigiously. For example, it is estimated that 13% of all human genes encode proteins destined for secre-

tion.1 For a large fraction of proteins secreted in eukaryotes, the process depends on transport through a series of membrane-bounded cyto-

plasmic organelles, beginning with translocation from the cytoplasm into the endoplasmic reticulum (ER).2 Delivery of secretory proteins from

the ER to the Golgi is then based on the budding and subsequent fusion of vesicles, a mechanism which is repeated for transfer between

downstream compartments.3,4 The final transfer occurs at the plasma membrane where fusion results in extracellular release of the vesicle

contents, called exocytosis.5 Every step in the pathway includes fine-tuning, allowing this conserved eukaryotic pathway to be tailored for

cell- and tissue-specific functions. For example, exocytosis itself can be tightly coupled with environmental cues, and this is a key for the ac-

tivity of many animal tissues.6 Such regulated exocytosis, which relies on the cytoplasmic accumulation of post-Golgi vesicles until their fusion

is triggered by extracellular stimuli, can be maintained in cells that simultaneously show constitutive secretion of other post-Golgi carriers

transporting different cargos.7 In addition to such temporal control of secretion, cells can spatially direct regulated or constitutive secretion

toward specific extracellular targets. In animals and plants, one important mechanism is to position tethering complexes that can capture

incoming vesicles, and thereby bias the direction of protein secretion in response to developmental or environmental cues.8,9 In this manu-

script, we investigate the organization of the secretory pathway and the targeting of protein secretion in a protist lineage that is very distantly

related from plants or animals.

Ciliates are unicellular organisms that act in many roles ranging from apex microbial predators to parasites, in a wide range of ecosys-

tems.10 They belong to a wider lineage called Alveolata, whose other members are the apicomplexan parasites and the dinoflagellates.11

A defining feature of Alveolata are the eponymous alveoli, which are cisternae that underlie the plasma membrane (Figure 1A). Alveoli func-

tion in ciliates, at least in part, as reservoirs for mobilizable calcium stores.12 The alveoli interpose between the cytoplasm and a large fraction

of the cell surface, therefore blocking plasma membrane access to structures involved in membrane trafficking,13–15 including secretory ves-

icles. Nonetheless, ciliates demonstrate prominent pathways of regulated secretion.16–21 In Tetrahymena thermophila, regulated secretion

occurs via 1mM-long secretory granules/lysosome-related organelles called mucocysts, which gain access to the plasma membrane via dedi-

cated docking-and-fusion sites at sutures between adjoining cisternae.22 Remarkably, the protein assemblies that compose those docking

sites appear to be shared with apicomplexans but otherwise not present except within the Alveolata, suggesting that they represent a line-

age-restricted secretory adaptation.23–25

In contrast, constitutive secretion in ciliates has been documented26 but the underlying structures andmechanisms are poorly understood.

In T. thermophila, newly synthesized secretory proteins are secreted to the culture medium within 5 min post-synthesis, suggesting that the
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Figure 1. Induced transport of ESCargo in the Tetrahymena secretory pathway

(A) Organization of the cell cortex in Tetrahymena. A single cell is shown in the cartoon, in which the small black squares represent ciliary basal bodies, which are

regularly spaced along cytoskeletal structures called 1� meridians. The boxed zone is expanded on the right, to show two ciliary basal bodies (*) with the adjacent

parasomal sacs (+), and alveoli (#) underlying the rest of the surface (=).

(B) The ESCargo variant used in this study consisted of the signal sequence of T. thermophila GRL1, linked with tetramerizing dsRed and dimerizing FKBP (top).

This protein is designed to enter the endoplasmic reticulum, due to the signal sequence, where it forms aggregates that are trapped, being too large to exit. In

the presence of SLF, FKBP dimers dissociate leading to disaggregation, and the protein is free to exit the ER to traverse the secretory pathway.

(C)Western blot of cells and cell-free supernatants, blotted with anti-FKBP antibody. Cell cultures were induced to express ESCargo as described inMaterials and

Methods. They were exposed to SLF for the times indicated, when aliquots were withdrawn and centrifuged to separate cells from supernatant. Cell supernatants

were TCAprecipitated, and all samples loaded for SDS-PAGE. The supernatants were loaded at 5-fold higher cell equivalents relative to the cell pellets. The band

detected by anti-FKBP western blot is the expected size (38 kD) for the ESCargo polypeptide. For the left-hand panel, the bands were quantified using ImageJ,

and the amounts of ESCargo remaining (i.e., non-secreted) in the cells compared to the—SLF sample are indicated.
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organization of the ER and Golgi in these cells allows for very rapid transit through the secretory pathway.27 However, the distributions of

these key organelles in T. thermophila is not entirely clear, and the prevailing models are largely based on electron microscopy thin sections

of chemically fixed samples, many from a somewhat distantly related Tetrahymena species, T. pyriformis.13,28 Based on such electron micro-

graphs supplemented by some recent live imaging, the ER extends from just beneath the cortical alveoli too deep in the cytoplasm,15,28,29

while the Golgi manifest as many small stacks of 1–2 cisternae, historically called dicytosomes, reported to be either distributed throughout

the cytoplasm (in T. pyriformis) or close to the cell cortex (in T. thermophila).28,30,31 Live cell imaging in T. thermophila supported the idea that

Golgi are dispersed in a sub-cortical zone over the entire cell surface, forming an array similar to those present for other cortical structures

such as ciliary basal bodies.32,33 Such basal bodies are spaced regularly along cytoskeletal elements called primary meridians, which form ribs

spanning the long axis of the cell from peri-apical to the posterior (Figure 1A).13,33 Mitochondria are also concentrated at the cortex and simi-

larly form an array, though looser than that of the basal bodies, organized along the cytoskeletal meridians.34,35

Cortical features of particular interest for this manuscript are plasma membrane invaginations called parasomal sacs, which lie adjacent

and anterior to each somatic cilium along the primary meridians (Figure 1A).13,30,36,37 Analogous structures called ciliary or flagellar pockets

in other organisms are implicated in ciliogenesis, cilium-related vesicular trafficking and signaling, and as diffusion barriers between the
2 iScience 27, 111123, November 15, 2024
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plasma and cilia.38–41 Importantly, parasomal sacs in Tetrahymena, together with the mucocyst-docking sites, are the only known zones over

much of the cell surface where there is direct contact between the plasmamembrane and the cytoplasm.13 Consistent with this unique acces-

sibility, parasomal sacs are the preferential sites of clathrin-mediated endocytosis in both Tetrahymena and Paramecium.42–44 Constitutive

secretory cargo may also be released at these sites via exocytosis, but only indirect evidence has thus far been available to address this

issue.28,45

In the work described in this manuscript we used a recently developed live cell marker to visualize the pathway of constitutive secretion in

Tetrahymena. Upon synthesis and translocation into the ER, a fluorescent polypeptide called ESCargo accumulates in the form of large ag-

gregates in the ER lumen.27 The aggregates dissolve upon addition to the cell culture medium of a small molecule, and the now-soluble ES-

Cargo is released for transport into downstream compartments of the secretory pathway. With this reagent and using both wide-field and

TIRF microscopy,46,47 we could visualize compartments of the secretory pathway as well as individual exocytic events. Our live cell data pro-

vide an understanding of the functional organization of the ciliate cortex, including secretory compartments as well as mitochondria. Our

analysis reveals a key detail underlying the array of cortical Golgi, namely that each Golgi is proximal to a parasomal sac. Moreover, the secre-

tion of ESCargo also occurs at the same cortical positions. Consistent with the idea that zones of active secretion are spatially delimited, suc-

cessive exocytic bursts occur at the same positions. Our results argue that the parasomal sacs are hubs of both endocytic and exocytic traf-

ficking, and they provide a newly detailed and global mapping of cortical organization in a ciliate.

RESULTS
Small molecule-induced dispersal of ESCargo leads to its rapid secretion from T. thermophila

In order to investigate the pathway of constitutive secretion in Tetrahymena, we took advantage of the artificial fluorescent secretory protein

Erv29/Surf4-dependent secretory cargo (ESCargo), expressing it under the control of the cadmium-inducible MTT1 promoter (Figure 1B).48

We previously showed that ESCargo, initially developed in yeast, could be modified with a Tetrahymena-derived signal sequence to act as a

secretory protein in T. thermophila.27,49,50 The logic underlying the design of ESCargo is shown in Figure 1B, with the key point being that

addition of the small molecule SLF (synthetic ligand of FKBP) dissociates ESCargo aggregates that form in the ER, allowing the now-soluble

proteins to exit and advance through the secretory pathway.

The N-terminal signal sequence in our current construct is slightly modified from that used in the previous study (see STAR+Methods).27

To confirm ESCargo secretion for the new construct, we exposed cells to SLF and subsequently measured the amount of ESCargo released

into the culture supernatant. A significant amount of secreted ESCargo was detectable within 15 min of SLF exposure, while cell-associated

ESCargo decreased by �25% in the same period. This is on par with results using the prior construct,27 and it encouraged us to ask whether

the secreted pool could be visualized by microscopy. We note that a significant portion of ESCargo remained in the cell after 30 min

(Figure 1C).

The cortical endoplasmic reticulum, traced using SLF-dispersed ESCargo and GFP-KDEL, cradles an array of mitochondria

We exposed cells expressing ESCargo to SLF for 5–15 min and immobilized them in CyGel (ab109204, Abcam; STAR+Methods) for fluores-

cence microscopy. Live cell imaging revealed fluorescence throughout the cell (Figures 2A and 2B). Just beneath the cell surface, elongated

fluorescent structures appeared to be organized along the regularly spacedmeridians, branching to create an irregular reticulum (Figures 2A,

S1A, and S1B). Deeper in the cytoplasm, ESCargo fluorescence surrounded the nuclei as well as appearing to partially or completely encircle

other heterogeneous circular structures (Figure 2B). This pattern appeared consistent with the expectation that SLF-dispersed ESCargo pri-

marily occupies the ER lumen. To visualize the ER lumen directly, we expressed GFP bearing an N-terminal signal sequence and a C-terminal

‘‘KDEL’’ motif, reported previously to serve as an ER marker in Tetrahymena51 as it does in many other eukaryotes. The localization of ss-GFP-

KDEL appearedmarkedly similar to that of ESCargo, including distinct patterns at the cortical vs. deeper cytoplasm. (Figures 2C, 2D, and S1E–

S1H). At the cortex, the ss-GFP-KDEL signal often appeared in the form of loops whose openings faced the plasma membrane (Figure 2D,

inset). The regularity of the loop dimensions suggested that pockets of cortical ERmight be cradling a single class of structures. Deeper in the

cytosol, open or closed loops appeared to be associatedwith heterogeneous compartments. In our live cell imaging the overall distribution of

ss-GFP-KDEL-labeled structures appeared relatively static, except for motion close to the pulsatile contractile vacuole.52

We confirmed that ESCargo and ss-GFP-KDEL were labeling the same structures by co-expressing them. In these cells, ss-GFP-KDEL was

constitutively expressed while ESCargo expression was induced by exposure to cadmium. In SLF-free medium, ESCargo in induced cultures

appeared as large and bright puncta within the dispersed ER reticulummarked by ss-GFP-KDEL (Figure 2E and 2F). These puncta correspond

to the expected ESCargo aggregates within the ER lumen. Following exposure to SLF, the ESCargo puncta disappeared and were replaced

by the dispersed signal shown above. This dispersal was rapid, complete in the time needed to prepare a microscope slide, which prevented

us from determining its precise time course. We imaged the ESCargo as well as ss-GFP-KDEL cortical distributions in these cells using TIRF

microscopy, and found striking overlap as expected (Figures 2G, S1L, and S1J).

TIRF microscopy also allowed additional examination of the striking cortical distribution of the ER, which was apparent by either ESCargo

or ss-GFP-KDEL fluorescence. In particular, patches of ER surrounded numerous elliptical spaces, relatively homogeneous in size that formed

an array between meridians. This pattern of ellipses was reminiscent of the known distribution of cortical mitochondria in Tetrahymena.34 To

visualize the mitochondrial distribution in live cells, we used MitoTracker Green to stain cells expressing a marker for primary meridians, the

basal body protein Poc1p-mCherry.53 Consistent with previous reports, mitochondria were distributed over the cell cortex except along the

narrow primary meridians marked by rows of basal bodies (Figure S2). We then visualized the fluorescent green mitochondria in cells also
iScience 27, 111123, November 15, 2024 3
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Figure 2. Live imaging of cells expressing ESCargo and GFP-KDEL

(A and B) A cell expressing ESCargo after exposure to SLF. (A) Near the cell surface, a fluorescent reticulum features regularly spaced ridges extending the length

of the cell. (B) In a cell mid-section, the fluorescent reticulum appears to surround heterogeneous cytoplasmic organelles including the macronucleus (mac). The

boxed area, expanded in the right hand panel, highlights the punctuated ESCargo fluorescence at the cell periphery.

(C andD) A cell expressingGFP-KDEL. (C) Near the cell surface, the pattern of fluorescence as in (A) appears as a reticulumwith ridges. (D) In a cell midsection, the

fluorescent ER appears as in B to surround heterogeneous structures including theMacronucleus (mac). At the very edge of the cell, the fluorescent ER appears to

loop around structures in a way that leaves openings toward the cell exterior, as shown in the expanded inset. Overall, the ER organization revealed by ESCargo

and GFP-KDEL are very similar. See also Figure S1.

(E and F) A cell expressing ESCargo and GFP-KDEL but without addition of SLF. Large and bright ESCargo puncta are present in the GFP-KDEL-labeled ER

reticulum both near the cortex (E) and deep in the cytoplasm (F).

(G) A cell expressing ESCargo andGFP-KDEL after exposure to SLF, imaged using TIRFmicroscopy (TIRFM). TheGFP-KDEL pattern (left panel) is closely mirrored

by the dispersed ESCargo pattern (middle panel), with the overlap shown in the right panel indicated by the pale gray areas. The Pearson coefficient (r) is 0.929.

Similar imaging and analysis of a second cell in S1I and S1J resulted in Pearson coefficients of 0.921 and 0.875, respectively.

(H and I) A cell containing SLF-dispersed ESCargo, incubated with MitoTracker Green, and imaged using TIRFM. (H) In the thin optical section captured with

TIRFM, the cortical ER labeled with ESCargo has many gaps, many of which appear circular. Those gaps in ER labeling stain green with MitoTracker, as

shown most clearly in the expanded inserts. The MitoTracker-stained mitochondria appeared at a focal level close to that in (G). (I) The same cell shown in H,

but imaged at a slightly deeper focal plane. The mitochondria are most clearly focused in this plane (compare inserts in H and I).

(J) Intensity plots of ESCargo and MitoTracker Green along the length of the rectangle outlined in panel I, bottom right. The mitochondrion appears to be

circumscribed by ER, with very limited overlap.

(K) A cartoon of the edge of a cell midsection, illustrating the putative organization of the ER, indicated by ESCargo, and mitochondria near the cell cortex. Focal

planes corresponding to panels A–I are indicated. Dashed line indicates an imaginary plane parallel to the coverslip.
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expressing ESCargo, under conditions in which the latter was dispersed in the ER. Analysis of these cells by TIRF microscopy confirmed that

cortical mitochondria are enclosed by the cortical ER reticulum, i.e., mitochondria largely or entirely constitute the array of ellipses noted pre-

viously (Figures 2H–2J). We combined this TIRF perspective with the images showing that ER also traces the elliptical spaces at their proximal

sides (Figures 2B and 2D, insets). Based on these images, we infer that the ER cradles the mitochondria on all sides except that facing the

plasma membrane. Additionally, in some side views the ends of ER near the plasma membrane appear to widen and thereby closely follow

the contour of the mitochondria (Figures 2B and 2D, insets), an interpretation also consistent with the top views (Figure 2G). The images also

indicate the likelihood that the ridges of subcortical ER align with primary meridians (compare Figures 2H and 2I with Figure S2). The model

resulting from these results is shown in Figure 2K.

In other organisms, tether-dependent close contacts between the ER and mitochondria are important for lipid transfer as well as calcium

regulation.54 Lipid transfer in yeast depends on a heterotetrameric complex called ERMES.55 Interestingly, we could identify homologs for two

of the ERMES subunits in Tetrahymena, including the gem1 subunit (TTHERM_00502190). The second relevant Tetrahymena protein

(TTHERM_00485870), has an N-terminal domain, as part of a larger protein, with predicted structural similarity to both mmm1 and

mdm12, the ERMES subunits that are directly involved in lipid transfer.56

The dispersal of ESCargo throughout the ER lumen in response to SLF was reversible. That is, when cells were immobilized in CyGel not

containing SLF, the dispersed ESCargo was rapidly replaced by numerous small puncta (Video S1). The reaggregation of ESCargo in the

absence of an extracellular pool of SLF could be eliminated by including SLF in the CyGel buffer. When cells were immobilized in such

SLF-oversaturated CyGel, dispersed ESCargo persisted in ER lumen for over 30 min. This agrees with the result in Figure 1C, that large

amounts of ESCargo persist in the cell even after exposure to SLF. Prolonged exposure to SLF sometimes led to additional faint ESCargo

accumulation in cortical spots along the primary meridians, and these did not overlap with the cortical ER (Figure S3). These spots hint at

post-ER compartments that could represent intermediates in secretory protein transport from the ER to the plasma membrane.

Cortical Golgi, visualized by live cell imaging of Rab6C and Gef1p, are located close to ciliary basal bodies along 1�

meridians

Based on well-establishedmodels for eukaryotic membrane trafficking, and also consistent with the patterns of glycosylation of Tetrahymena

secretory proteins (seeWeide et al.57 and refs therein), ESCargo trafficking from the ER to plasmamembrane is expected to involve transport

through the Golgi dictyosomes. Electron microscopic studies of T. pyriformis revealed that individual dictyosomes often were positioned

adjacent to cortical mitochondria, but did not reveal their global distribution (see Figure S2 for cortical mitochondria organization).28 In

live T. thermophila, this distribution was analyzed by imaging of Rab6, a conserved Golgi-associated protein. GFP-tagged Rab6 appeared

as an array of cortical puncta that were aligned along rows, but their position relative to established cortical landmarks was not determined.32

To better understand where the Golgi were positioned in these cells, we co-expressed GFP-Rab6Cp together with Poc1p-mCherry as a

marker for 1� meridians. Strikingly, most GFP-Rab6Cp puncta were closely adjacent to those of Poc1p-mCherry, suggesting that dictyosomes

were specifically positioned near basal bodies (Figure 3A). To bolster this result, we established another Golgi marker for live cell microscopy.

T. thermophila TTHERM_00569500 is homologous to the Sec7 domain-containing ADP-Ribosylation factor guanine nucleotide exchange fac-

tor 1 (GEF1) and to BIG1, which are Golgi-associated proteins in other organisms.58,59 Like for Rab6Cp, imaging of Tetrahymena Gef1p-GFP

revealed puncta positioned near Poc1p-mCherry along the 1� meridians (Figure 3B).

Interestingly, the patterns of both GFP-Rab6Cp and Gef1p-GFP also included series of closely spaced puncta that filled the interval be-

tween two or more basal bodies. These closely spaced series occurred exclusively at the cell apex, where the basal bodies are also more

closely spaced, and were even more prominent in dividing cells at the zone immediately posterior to the division plane (Figure S4).

Some Golgi are strikingly mobile, and this population is enriched in a subcortical zone

Because the fluorescent signals of GFP-Rab6Cp, and of Gef1p-GFP in particular, were close to the background of cytosolic autofluorescence,

visible particularly as large spherical food vacuoles, it was difficult to judgewhether the proteins were also associatedwith structures deeper in

the cell. To improve signal intensity, we endogenously tagged GEF1 with mNeon.60 Live imaging of cells expressing Gef1p-mNeon,

compared to the GFP-tagged version, showed similar but more defined cortical arrays along the 1� meridians (Figure 3C). The number of

GEF1p-mNeon spots sharply decreased when the plane of focus was adjusted deeper into the cytoplasm (Figure 3D), consistent with the

idea that the dictyosomes are primarily distributed in the cortical zone of the cell.

In our live cell imaging, the Golgi at the cortex appeared largely stationary. In contrast, strikingly mobile GFP-Rab6Cp- or Gef1p-mNeon-

labeled Golgi were encountered in the subcortical zone, which we defined as the slightly deeper plane in which basal bodies and cortical

mitochondria were largely absent (Videos S2 and S3). These Golgi moved rapidly and directionally over long distances. The mobile Golgi

appeared largely restricted to that subcortical plane, being comparatively rare both at the cortex and deeper in the cytoplasm.

ESCargo in SLF-induced cells can be visualized in mobile Golgi

Cells expressing ESCargo maintain bright fluorescence in the ER after SLF dispersal, as shown previously. This persistent bright background

made it difficult to analyze ESCargo in the stationary cortical Golgi, which are in a focal plane close to that of the ER. We, therefore exploited

themotile Golgi population easily visible in most cells, at a focal plane deeper in the cytoplasm, to confirm that ESCargo traverses this organ-

elle. First, using TIRF imaging of cells containing dispersed ESCargo, we detected rapid and directional movements of compartments con-

taining ESCargo at the sub-cortical focal plane, as expected if ESCargo were present in mobile Golgi (Video S4). To validate this
iScience 27, 111123, November 15, 2024 5



Figure 3. Live imaging of Golgi, ciliary basal bodies, and ESCargo

(A) A cell expressing GFP-Rab6Cp and Poc1p-mCherry. Cortical GFP-Rab6Cp (green) localizes adjacent to Poc1p-mCherry (magenta) along the length of the 1�

meridians. In the bottom panel, the intensities of the two signals are plotted from top to bottom along the highlighted region, underscoring their near-

colocalization within the array. GFP-Rab6Cp is also seen on mobile compartments in the subcortical region (Video S2).

(B) A cell expressing Gef1p-GFP and Poc1p-mCherry. Cortical Gef1p-GFP localization is similar to that of GFP-Rab6Cp, but its relatively weaker fluorescence

intensity resulted in higher background signals.

(C and D) A cell expressing Gef1p-mNeon. (C) As expected for a Golgi-associated protein, Gef1p-mNeon signal is prominently associated with an array of

immobile structures near the cortex. (D) Few distinct Gef1p-mNeon labeled structures are found deeper in the cytoplasm. Gef1p-mNeon is also seen on

mobile compartments in the subcortical region (Video S3).

(E) A projected image from a time series of a cell expressing GFP-Rab6Cp and ESCargo. The path of a moving compartment containing ESCargo and GFP-

Rab6Cp was highlighted. Because the two colors are captured sequentially rather than simultaneously, they mark slightly different positions for the moving

compartment. See also Figure S5.

(F) Frames of the highlighted movement from the time series shown in (E).
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interpretation, we analyzed cells expressing both ESCargo and GFP-Rab6C. Notably, ESCargo was visible in a subset of the subcortical GFP-

Rab6Cp-positivemobile compartments (Figure 3E and 3F and S5). These observations support the idea that ESCargo upon exit from the ER is

transported through the classical secretory pathway via the Golgi. Consistent with this view, ESCargo also localized to stationary meridional

structures likely to be cortical dictyosomes (compare Figure S3 to Figures 3A–3C).
ESCargo secretion is visible by TIRF microscopy

The positioningof Golgi near to basal bodies suggested that post-Golgi carriersmight efficiently fusewith and release their secretory cargo at

the adjacent parasomal sacs. To detect ESCargo release from cells we again took advantage of TIRF microscopy. We modified our general
6 iScience 27, 111123, November 15, 2024
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Figure 4. Live imaging of ESCargo secretion

(A) Select frames from a TIRF recording of a cell expressing ESCargo. Deposits of ESCargo are visible as speckles (arrows) in the area behind the advancing cell.

Full recording in Video S5.

(B and C) TIRF imaging of a cell expressing ESCargo and GFP-KDEL. The cell was rapidly immobilized by being firmly pressed against the coverslip, while being

exposed to SLF. (B) ESCargo deposits between the cell surface and the cover glass are detected at discrete sites. (C) At a lower focal plane, similar to that in

Figure 2G, both ESCargo and GFP-KDEL are seen to fill the ER. Full recording in Video S6.

(D) A cartoon of secreted ESCargo and subcortical ER with luminal ESCargo and GFP-KDEL, indicated by the pale gray area. Focal planes corresponding to

panels (B) and (C) are indicated.

(E and F) TIRF imaging of a cell expressing ESCargo and Poc1p-GFP. (E) (left panel) Secreted ESCargo deposits are visible extracellularly, as in (B). At this focal

plane, Poc1p-GFP is poorly focused (middle panel). (F) At a lower focal plane, ESCargo is poorly focused while in-focus cortical Poc1p-GFP defines the basal body

distribution along the 1� meridians. The merged image in E (third panel) shows the ESCargo deposits align with the 1� meridians, and in many cases are in close

proximity to basal bodies. The Pearson coefficient (r) is 0.669.

(G) A cartoon of secreted and ER luminal ESCargo, and Poc1p-GFP at the basal body. Focal planes corresponding to panels (E) and (F) are indicated.

(H and I) TIRF imaging of a cell expressing ESCargo and GFP-Rab6Cp. (H) The focal plane was chosen to image cortical GFP-Rab6Cp-labeled Golgi. (I) The focal

plane was chosen to image extracellular ESCargo deposits. Themerged image in H (third panel) shows the ESCargo deposits align closely to the stationary Golgi

along 1� meridians. Similar TIRF imaging of another sample is shown in Figure S6.

(J) A cartoon of ER and secreted ESCargo with most Rab6Cp-labeled Golgi localized near basal bodies. The precise positioning of the Golgi relative to the basal

bodies is not established. Focal planes corresponding to panels (H) and (I) are indicated.
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TIRF protocol, using smaller volumes of cells and SLF-saturated CyGel, to optimize cell immobilization and to potentially slow the diffusion of

soluble tetrameric ESCargo following its release from the cell surface. By first focusing on cells that were poorly immobilized, we noted that

secreted ESCargo deposits were readily detectible, appearing after a short lag in the wake of the swimming cell (Figure 4A; Video S5). These

deposits remained as bright puncta for short periods after being released, andmay represent transient ESCargo aggregates. Similar deposits

were visible in immobilized cells at a focal plane superficial to the cortical ER (Figures 4B–4D; Video S6), likely between the plasmamembrane

and the coverslip. Bursts of ESCargo seen repeated at fixed positions (Video S6) were likely to represent successive individual exocytic events

occurring at the same plasma membrane zone. Altogether, these observations appear to suggest that ESCargo is released at discrete loca-

tions regularly spaced along meridians.

ESCargo secretion occurs at discrete sites that align with stationary Golgi and with ciliary basal bodies

To ask whether the positions of the secreted ESCargo deposits aligned with basal bodies and their adjoining parasomal sacs, we analyzed

ESCargo secretion from cells expressing Poc1p-GFP.We compared the positions of ESCargo deposits, in an extracellular focal plane, with the

positions of Poc1p-GFP in a cortical focal plane. The alignment of the signals in the two focal planes provided strong evidence that the secre-

tion sites were at or near the basal bodies along the 1� meridians (Figures 4E–4G). As expected given this alignment, the positions of the

ESCargo deposits in many cases correlated with those of the GFP-Rab6Cp-labeled cortical Golgi (Figures 4H–4J and S6).

In Trypanosomes, a GPI-linked protein appears to depend on the contractile vacuole, an organelle that undergoes periodic fusion with the

plasmamembrane, for delivery to the cell surface.61 We never detected ESCargo localized to the contractile vacuole in Tetrahymena, nor any

bursts of ESCargo release coincident with contractile vacuole emptying.

Parasomal sacs, with associated Golgi, are dedicated hubs of endocytic and exocytic trafficking

Based on the evidence presented previously, constitutive secretion occurs along 1� meridians and very close to ciliary basal bodies. Impor-

tantly, neither epifluorescence nor TIRFmicroscopy revealed ciliary ESCargo fluorescence in any experiment. This argues strongly against the

possibility that the ciliary membrane and/or ciliary tip represent secretion sites for ESCargo. Instead, our data provide strong support for the

long-standing hypothesis that constitutive secretion occurs from the parasomal sacs, one of the few zones in these cells where the plasma

membrane is accessible to the cytoplasm without an intervening layer of alveoli. Our data therefore argue strongly for a model in which para-

somal sacs, with closely neighboring Golgi, are dedicated zones for both endocytic and exocytic membrane traffic in Tetrahymena (Figure 5).

DISCUSSION

The transport of newly synthesized secretory proteins through a discrete set of endomembrane compartments, ending in their release via

exocytic membrane fusion, was largely defined by studies in mammalian cells and subsequently in budding yeast.62,63 Understanding the

generalizability of the resulting models beyond the Opisthokont lineage, to which both animals and yeast belong, depends on research in

other lineages.64 For example, research on the secretory pathway in land plants (Archaeplastida/Viridiplantae) has demonstrated that the

broad pathway outline is sharedwithOpisthokonts, but has also revealed remarkable lineage-specific adaptations at both the compartmental

and molecular levels.65–67

In the Alveolata lineage of protists, which includes ciliates and apicomplexans, a well-studied secretory pathway based on lysosome-

related organelles evolved unique and lineage-restricted machinery to control the locus and timing of exocytosis.23,68–70 The classical secre-

tory pathway in these organisms, in contrast, has received scant attention. Onemajor finding of this paper is to locate the sites of constitutive

protein secretion in a ciliate. Constitutive secretion of endogenous proteins has been detected biochemically in Tetrahymena.26,71 Since the

kinetics of ESCargo release from the cell are similar to those of endogenous proteins measured by biosynthetic pulse-chase analysis,71
8 iScience 27, 111123, November 15, 2024



Figure 5. A cartoon illustrating the architecture of the T. thermophila secretory pathway in the context of other cortical features explored in this study

Prior results on endocytosis at the parasomal sacs are included.43,44 For simplicity, the alveoli are not included.
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ESCargo is likely to accurately reflect a pathway traversed by native proteins. The only sequences in our ESCargo construct belonging to a

secretory protein are the N-terminal 18 amino acids, derived from T. thermophila Grl1p, and these are expected to be cleaved after the pro-

tein enters the ER.72 The ESCargo polypeptide is therefore likely to travel with bulk flow through the secretory pathway,73 though we cannot

exclude the possibility that it contains an adventitious sorting motif for Tetrahymena. In the ESCargo construct originally engineered for

S. cerevisiae, the fluorescent protein moved rapidly from the ER to the Golgi shortly after its induced disaggregation, due to an ER exit motif

within the construct.27 Whether ciliate secretory proteins possess ER exit motifs remains to be determined, but if so they are unrecognizable

based on sequence similarity to those in yeast and animals. The construct we used in the current paper lacks a functional exit motif, which can

explain why a large fraction of the disaggregated ESCargo persists in the ER.

Our data argue strongly that small plasma membrane invaginations called parasomal sacs are the major, and likely unique, sites where

constitutive secretion occurs in T. thermophila. Since parasomal sacs are also the dedicated sites of clathrin-mediated endocytosis in Tetra-

hymena,43 they represent trafficking hubs at the cell surface. In the apicomplexan and dinoflagellate branches of Alveolates, structures called

micropores are invaginations between alveolar cisternae, and have recently been shown in the apicomplexan Toxoplasma gondii to be sites

of endocytosis; whether they are also sites of secretion has not yet been investigated.14 The similarities between parasomal sacs in ciliates and

micropores in apicomplexans raise the question of whether they represent homologous structures.

Interestingly, in Tetrahymena each basal body/parasomal sac-centered cortical unit constitutes a domain whose response to cytoplasmic

morphogens, repeated over the cell surface, governs cellular patterning through the cell cycle.74–79 More broadly, these cortical units can be

conceived of as self-sustaining, self-replicating, and self-propagating.80 In that context, it is intriguing that the findings in our current study

suggest that many aspects of membrane trafficking within each cortical unit could be substantially autonomous.

At the parasomal sacs, homeostatic linkage between outward and inward membrane trafficking may be required in part to maintain the

membrane surface, analogous to the exocytic-endocytic coupling associatedwith animal cell neurotransmission,81 ormore recently studied in

plants.82 To explore this idea in ciliates, it would be interesting to ask whether disrupting constitutive secretion, for example with a small mo-

lecular inhibitor, quickly downregulates endocytosis at parasomal sacs. Unfortunately the tools to pursue such experiments are not yet well

developed in Tetrahymena. Brefeldin A (BFA) can be used to block ER-to-Golgi traffic in many organisms, but in multiple trials over a wide

range of concentrations we found that BFA has no significant effect on localization of Golgimarkers or ESCargo secretion. Another interesting

question is whether mechanisms to maintain membrane surface in Tetrahymena include cross-talk with other pathways that involve mem-

brane addition or retrieval at the plasma membrane, such as exocytosis of lysosome-related organelles, or the formation of phagosomes

and their eventual fusion with the plasma membrane to expel undigested contents.83 Interestingly in ciliates, these specialized pathways

occur at distinct and non-overlapping plasma membrane domains and could potentially rely on pathway-internal homeostatic mechanisms;

for example, rapid vesicle endocytosis at the sites of phagosome exocytosis may directly provide the membrane for phagosome formation,

even though this occurs at the far end of the cell, tens of microns distant.32,84

The organization of membrane trafficking near cilia we describe is not unique to Tetrahymena. In mammalian cells, there is some evidence

that periciliary invaginations which resemble parasomal sacsmay constitute preferential secretory sites, while in Trypanosomes a pocket flank-

ing the sole cilium has been clearly established as the cellular hub for endo/exocytosis.38–41 One prominent feature of this ciliary pocket in

Trypanosomes is an adjacent Golgi. Strikingly, we found a similar arrangement in Tetrahymena: most Golgi are present at the cortex and

are closely adjacent to ciliary basal bodies and therefore to parasomal sacs. These live cell observations are compatible with results from

some prior EM-based studies, which placed Golgi adjacent to cortical mitochondria or near the base of cilia.28,30,31 We also detected a

2nd population of mobile Golgi somewhat deeper in the cytoplasm, and these were strikingly mobile while those at the cortex appeared rela-

tively stationary. ESCargo was found associated with both populations, but the mobile Golgi could potentially provide distinct functions, not

only processing but also distributing secretory products, as suggested by recent studies in Arabidopsis.85–87 We do not yet know the distri-

bution of ER exit sites (ERES) in Tetrahymena, which would be informative for interpreting the mobile Golgi. Mobile Golgi could be detected

in our previous study in Tetrahymena, but they were neither discussed nor recognized as inhabiting a different cellular plane from the station-

ary population.32 In a later study, mobile structures were detected but not identified as Golgi.31
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The ciliates and trypanosomids belong to two different eukaryotic supergroups, the former as alveolates within the SAR supergroup, and

the latter as Euglenozoa in the Discoba supergroup.88 Thus, the similarities in the organization of periciliary invaginations as sites of endo/

exocytosis, and moreover associated with adjacent Golgi, could hint at an ancestral eukaryotic feature, potentially present in the last eukary-

otic common ancestor (LECA).89 To test this hypothesis, the key question is whether the similar organization in the two lineages results from

homologous determinants. The alternative is that the similar organization results from independent innovations in the two lineages, and

therefore reflects convergent evolution. Since some of the determinants have already been uncovered in trypanosomids,90,91 an important

aim is to accomplish the same in ciliates.

Our live cell Golgi imaging relied on endogenous N-terminal tagging of RAB6C, one of four RAB6 genes in T. thermophila.32 Whether

Rab6Cp associates with a Golgi subcompartment is not known, but the four Rab6 paralogs show highly similar localization patterns.32 To

test our conclusions using another compartmental marker, we endogenously tagged GEF1, whose homologs in other organisms are

Golgi-associated.58 Gef1p was previously described as a ciliary protein in Tetrahymena, but it was never directly localized in those studies.92

In imaging the endogenously tagged Gef1p, we never detected ciliary localization but instead observed localization consistent with Golgi

targeting, indistinguishable from that of Rab6Cp.

Tetrahymena are dramatically polarized for phagocytosis, with phagosomes formed at the anterior oral apparatus, while undigestedphag-

osome contents are excreted at a posterior cytoproct. Similarly, some Rab GTPases associated with early and recycling endosomes show a

polarized distribution.32 More evidence for polarized trafficking comes from experiments following the uptake of a bulk endocytic marker,

where endocytosis occurred at parasomal sacs over the entire cell surface but the marker was subsequently transported within minutes to

a tubulovesicular compartment near the cell posterior.43 In this paper, we find that secretion may also be polarized: the Golgi are present

over the entire cell cortex but with higher density at the anterior end of the cell and, in dividing cells, just posterior to the division plane in

what will form the anterior end of one daughter. In these regions, multiple closely spaced Golgi are present, still associated with 1� meridians

but many not adjacent to the basal bodies. These zones of concentrated Golgi may represent zones of more active or potentially specialized

secretion.

The zone-specific enrichment of Golgi is particularly suggestive in the context of anterior-posterior cortical patterning that is a striking

feature of ciliates. As pointed out in the study by Cole et al.,80 cortically delimited kinases could be determinants of localized remodeling,

inducing the formation of polarized zones or gradients that shape cellular pattern formation. Interestingly, in the species Tetrahymena pyr-

iformis, immunolocalization data with cross-specific antibodies suggest that the cells have zones enriched in cell cycle-specific phosphopro-

teins93; remarkably, those zones are indistinguishable in position from those where we detect a high density of Golgi in T. thermophila. One

model for thinking about these connections comes from the small GTPase Cdc42, which in several classical systems localizes to both the

plasma membrane and Golgi and integrates membrane trafficking with the dynamic localization of polarity proteins.94 The mechanisms un-

derlying linkage in Tetrahymena between the Golgi and cortical architecture remain to be explored. One avenue may be further analysis of

CDA12, encoding a ciliate-restricted proteinwhose localization resembles Rab6Cp andGef1p, andwhich is required for proper cell division.31

The results in this paper suggest that in ciliates the organization of the secretory pathway could provide important determinants for both local

and global patterning.

Limitations of the study

This study in Tetrahymena depends upon tracing the trajectory of a fluorescent heterologous protein that appears to undergo unregulated

constitutive secretion from the cell. However, if the protein contains motifs that function as sorting signals in this system, or lacks important

motifs present in endogenous secretory proteins, it may not fully represent all aspects of the constitutive secretory pathway in this organism.

Our conclusions are based in part on using a basal body protein as a proxy for the parasomal sacs, which are known from numerous micro-

scopic analyses to be adjacent to basal bodies. Due to technical obstacles related to limited detection of some fluorescent proteins, we were

not able to show more directly that protein secretion occurs precisely at parasomal sacs. Similarly, our conclusions regarding sites of protein

secretion are limited by the potential inability to visualize low levels of the fluorescent secretory protein, so we therefore cannot rule out minor

levels of secretion at sites not detected in our study. Our study relies on some compartmental markers, e.g., Rab6 paralogs for the Golgi,

whose inferred compartmental specificity is based on the published literature describing homologs in other lineages. The rigorous charac-

terization of such markers in Tetrahymena or other ciliates would increase the confidence of our assignments.
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KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

anti-FBKP Abcam Ab2918; RRID:AB_303413

Experimental models: Organisms/strains

T. thermophila: ESCargo This study

T. thermophila: GFP-KDEL This study

T. thermophila: Poc1-GFP This study

T. thermophila: Poc1-mcherry This study

T. thermophila: GFP-Rab6C This study

T. thermophila: Gef1-GFP This study

T. thermophila: Gef1-mNeon This study

Recombinant DNA

pNeo5_ESCargo This study

pNeo5_ESCargo_GFP-KDEL This study

pPur4_Poc1-GFP This study

pNeo4_Poc1-3mCherry This study

pPur4_mEGFP-Rab6C This study

pPur4_Gef1-mGFP This study

pkiGEF1-mNeon-neo4 This study

Other

MitoTracker Green FM Invitrogen M7514

Cygel Abcam Ab109204

SLF Cayman 10007974
EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Growth of Tetrahymena thermophila cells

Tetrahymena thermophila cells were grown in SPP medium: 2% proteose peptone (Gibco, 211684), 0.1% yeast extract (BD 212750), 0.2%

dextrose (ACROS 41095-5000) and 0.003% EDTA, ferric-sodium salt (Sigma). Prior to use, the medium (SPPA) was supplemented with

100 mg/mL Normocin (InvivoGen ant-nr-05). Cells were grown at 30�C in 15 mL conical tubes placed horizontally or in flasks with agitation

at 100 rpm.

Strains used in this study

ESCargo, GFP-KDEL, Poc1-GFP, Poc1-mcherry, GFP-Rab6C, Gef1-GFP, Gef1-mNeon.

METHOD DETAILS

Plasmid construction

A construct comprised sequentially of theMTT1 promoter, the 18 residue GRL1 signal sequence, the ESCargo* coding sequence27 and the

BTU1 30 flanking sequence was added to one side of a neo5 paromomycin-resistance marker.75,95 TheMTT1 30 flanking sequence was added

to the other side of the neo5 marker, so that ssGrl1-ESCargo-neo5 will integrate by recombination at the endogenous MTT1 locus.

A construct comprised sequentially of the histone promoter (HHFI), a monomeric EGFP (mEGFP) coding sequence tailed by an AAG(K)-

GAT(D)-GAA(E)-TTA(L) and the BTU1 30 flanking sequence was added to the construct above following the BTU1 30 sequence that flanks the

ESCargo coding sequence. Recombination of the resulting construct will integrate both transgenes, ESCargo and ss-mEGFP-KDEL, into the

MTT1 locus.

The coding sequence of mEGFP was fused upstream to the coding sequence of RAB6C (TTHERM_00079900), which was followed by the

BTU1 30 flanking sequence and the pur4 selection marker.32 This assembly was then flanked by the Rab6C 50 and 30 flanks, to direct the
iScience 27, 111123, November 15, 2024 15
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integration of the whole construct at the endogenous RAB6C locus. For this genewe usedN-terminal tagging, notwithstanding the possibility

of perturbing transcriptional regulation, to avoid disrupting the predicted targeting signal at the C-terminus.

For endogenous tagging, the 1 kb fragments of the coding sequences ending at the stop codon (excluded) ofGEF1 (TTHERM_00569500),

and POC1 (TTHERM_01308010), and their respective 30 flanking sequences, were used to add flanks to an in-framemEGFP coding sequence

followed by a BTU1 30 flanking sequence and a pur4 selection marker.53,92 Separately, POC1was also natively tagged with mCherry using the

same strategy, including flanking the mCherry2HA coding sequence with a BTU1 flanking 30 sequence and a neo4 selection marker. To tag

GEF1, a 0.7 kb fragment of the coding sequence endingwith the stop codon (excluded) and a 0.7 kb 30 fragment ofGEF1were used to flank an

in-frame 2xmNeon-6Myc coding sequence followed by a BTU1 30 sequence and a neo4 selection marker.
Transformation and culture

Plasmids were linearized to release the fragments for recombination. Biolistic transformations were performed with 900 psi rupture disks as

previously described.96,97 A notable change to the target cells carrier was to thinly spread the cell pellets from a 10–12mL starved culture on a

bed of Tris-Agar (10 mM Tris-HCl pH 7.4, 2% agar, Fisher BP1423) in 10 cm petri dishes. Following the biolistic bombardment, the target cells

were resuspended in 10 mL SPPAmedia with appropriate drug(s) and distributed into a 96-well plates, 100 mL per well. For neo5-based trans-

formation, the selection SPPAmedia contained 200 mg/mL paromomycin, gradually increased to 2000 mg/mL over 1–2 weeks. For neo4-based

transformation, the selection SPPA media contained 1 mg/mL CdCl2 and 100 mg/mL paromomycin, which was gradually switched to

0.01 mg/mL CdCl2 and 800 mg/mL paromomycin over 1–2 weeks. For pur4-based transformation, the selection SPPAmedia initially contained

1 mg/mL CdCl2 and 200 mg/mL puromycin and was gradually switched to 0.01 mg/mL CdCl2 and 200 mg/mL puromycin over 1–2 weeks.
Live-imaging and TIRF microscopy

For live staining of mitochondria, MitoTracker Green FM (InvitrogenM7514) was added to a final concentration of 50 nM to the cell culture for

30 min followed by a brief wash with 10 mM Tris-HCl, pH 7.4.

Epifluorescent live-imaging was performed as previously described.98 Briefly, an equal volume of cold Cygel (Abcam ab109204, buffered

to 10 mMTris-HCl, pH 7.4) was mixed 1:1 with cells washed with 10 mM Tris-HCl, pH 7.4, on prechilled coverslips placed on a cold dry surface

(a heat block chilled in an ice bath). To observe dispersed ESCargo, cells with ESCargo aggregates were mixed into CyGel with added SLF

(Cayman 10007974) up to 1 mM. In cases where precipitates were visible, the gel mixture was mixed gently prior to use.

Five-to-seven mL of sample was placed on a 22x22 coverslip. A room temperature glass slide was slowly lowered onto the CyGel/cell

mixture and raised together with the coverslip. The assembled slide was placed for 20 s on a dry 37�C surface, followed by mounting to

an Axiocam 702 mono using the Zeiss Axio Observer 7 system, with a 100X objective (Alpha Plan-Apo 1003/1.46 oil DIC M27).

TIRF microscopy was performed on an inverted Nikon Ti-E microscope as described in.99 Total volume of CyGel-cell mixture was reduced

to 3–5 mL in order to restrict cell movement and potentially limit the diffusion of secreted ESCargo.
ESCargo secretion assay and western blotting

ESCargo secretion was assayed by western blotting as previously described27 with the followingmodifications. Cells incubated with CdCl2 to

induce ESCargo expression were washed and resuspended in 10 mM Tris-HCl, pH 7.4 prior to adding 12.5 mM SLF for the times indicated,

followed by cell pelleting and trichloroacetic acid (TCA, 10%) precipitation of the cell-free supernatant. A rabbit monoclonal anti-FBKP anti-

body (Abcam ab2918) was diluted 1:2000 in 5% nonfat dry milk in TBST (50mM Tris-HCl, pH 7.5, 150 mMNaCl, 0.05% Tween 20) for overnight

incubation with the blot.
QUANTIFICATION AND STATISTICAL ANALYSIS

Quantification of western blotting

Areas with the same dimension enclosing the perspective bands were selected and measured using Fiji.100 The intensities were then stan-

dardized to the -SLF as 100%.
Measuring colocalization using Pearson coefficient

Images and videos are analyzed using Fiji.100 Max intensity z-projection of select few continuous images from a time series were used tomea-

sure Pearson coefficients using JACoP plugin.101
16 iScience 27, 111123, November 15, 2024
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