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Morphogenesis of the Ciliature During Sexual Process of Conjugation in the Ciliated Protist Euplotes raikovi
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Morphogenesis is an important process that widely occurs in almost all the organisms, including the ciliated protists. Ciliates are a large group of single-celled eukaryotes that can reproduce asexually (e.g., binary fission) and perform sexual process (e.g., conjugation). Morphogenesis happens in both asexual reproduction and sexual process in ciliates and the reorganization during conjugation is more complex. However, studies of morphogenesis focusing on conjugation are very limited. Here we studied the morphogenetic process during conjugation in the marine species Euplotes raikovi Agamaliev, 1966. The results indicate that: (1) the ciliature in the ventral side reorganizes twice during sexual process, i.e., conjugational and postconjugational reorganization; (2) the adoral zone of membranelles (AZM) is generated de novo in a pouch beneath the cortex during both reorganizations, with the anterior part generated during the first reorganization, while the posterior part formed during the second reorganization; (3) the frontoventral-transverse (FVT) cirri anlagen are formed de novo in both processes with the fragmentation pattern of 2:2:3:3:2; (4) one left marginal cirrus is generated de novo during both reorganizations; and (5) the dorsal ciliature remains intact during the whole process, except that the two caudal cirri originate from the end of the right-most two dorsal kineties during both reorganizations. Comparisons of the morphogenetic process during conjugation demonstrate a considerably stable pattern within Euplotes while the patterns vary dramatically among different ciliate groups.
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INTRODUCTION

Morphogenesis and pattern formation are important processes that occur in the organisms from unicellular to multicellular. It is driven by various cellular and developmental processes including cell proliferation, differentiation, apoptosis, cell migration, and cell adhesion (Jernvall and Newman, 2003). The morphogenesis process is mostly investigated in multicellular organisms, such as embryonic cells differentiating into various functional cell types, tissues, organs, and eventually forming a complex organism (Thomson et al., 1998; Reubinoff et al., 2000). Unicellular organisms have a high morphological diversity, which require more complex morphogenetic patterns. However, compared to the developmental biology in larger multicellular organisms, the morphogenesis in unicellular organisms is largely unknown (Shulman and Daniel, 1999; Kirschner et al., 2000).

Ciliated protozoans are a morphologically diverse and highly differentiated group among single-celled microorganisms (Song et al., 2009; Li et al., 2019; Wang et al., 2019; Yan et al., 2019; Sheng et al., 2020). The main characters of this group are dimorphic nuclei (both germline and somatic nuclei within one cell) and special sexual process of conjugation, during which there is a reciprocal exchange of haploid gametic nuclei between the two temporarily (most widespread) or totally (as in all peritrichs and chonotrichs) fused mating partners, although some ciliates can also perform autogamy, a process of self-fertilization undertaken by a single cell (Lynn, 2008). The morphogenesis in ciliates mainly includes the formation and regeneration of cortical structures and nuclei, which occurs in both asexual and sexual stages. Compared to that in asexual reproduction, the process is more complex during sexual stages (Diller, 1966; Jin et al., 1985; Zou and Ng, 1991; Ota and Taniguchi, 2003; Xu and Foissner, 2004; Gao et al., 2020).

As the most differentiated group within ciliates, species in the genus Euplotes Ehrenberg, 1830 are easy to collect, cultivate, and induce conjugation in the laboratory, which are ideal model organisms for investigating morphogenesis (Song and Shao, 2017; Chen et al., 2019; Jiang et al., 2019). Many investigations have been performed on the morphogenesis during binary fission of Euplotes species (Washburn and Borror, 1972; Ruffolo, 1976; Voss, 1989; Jiang et al., 2010; Shao et al., 2010; Song and Shao, 2017), while limited studies focus on the morphogenetic process during conjugation (Diller, 1966; Gao et al., 2020). Euplotes raikovi Agamaliev, 1966 is a widely distributed marine species that has been used in research on pheromone signaling and mating behaviors (Luporini et al., 2016). Morphology of E. raikovi has been redescribed in detail by Jiang et al. (2010): the adoral zone composed of 22–29 membranelles; invariably seven frontoventral, basal plaque V/2 composed of a single dikinetid, single marginal, two caudal, and five transverse cirri; seven to eight dorsal kineties (three to five dikinetids in leftmost kinety on ventral side), silverline system of double-patella-I type (Figure 1). The morphogenesis during binary fission and nuclear development during conjugation of E. raikovi have been well investigated (Washburn and Borror, 1972; Voss, 1989; Gong et al., 2020). In the present study, we investigate the morphogenesis of ciliature during conjugation and postconjugation of E. raikovi using living observation and protargol staining methods, which revealed two rounds of reorganization. The differences of the morphogenetic process between binary fission and conjugation within and among ciliate species are also compared and discussed.
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FIGURE 1. Morphology and life cycle of Euplotes raikovi. (A–E) Euplotes raikovi in vivo (A), after protargol (B–D) and silver nitrate (E) staining, among which B, C, and E were from Jiang et al. (2010). (F,G) Hoechst 33342 staining to show the micronucleus and macronucleus in a vegetative cell (F) and a conjugating pair (G). (H) Nuclear events according to Gong et al. (2020) (outer) and morphogenesis during conjugation (inner). AZM, adoral zone of membranelles; CC, caudal cirri; DK, dorsal kineties; FVC, frontoventral cirri; Ma, macronucleus; MC, marginal cirrus; Mi, micronucleus; TC, transverse cirri; Scale bars = 30 μm.




MATERIALS AND METHODS

Two E. raikovi strains of different mating types (I and XIII) used extensively in previous research (Ricci et al., 2019) were selected in the present study. Cell culturing and conjugation induction were according to Gong et al. (2020). The mixed cells began to form mass mating pairs within 2 h and the ratio of conjugation was about 70%. Mating pairs and the ex-conjugant cells were collected every hour and stained using protargol staining method (Gao et al., 2020). Drawings of stained specimens were performed with the help of a drawing device (Lu et al., 2020). Phylogenetic analyses were following Lian et al. (2019).



RESULTS

The whole process of conjugation lasts about 50 h, including three prezygotic micronuclear divisions and two postzygotic synkaryon divisions (Figure 1H) (Gong et al., 2020). The ciliary structures in the ventral side reorganize twice during sexual stage. The first reorganization happens after the cells getting paired, here referred as conjugational reorganization, which lasts approximately 11–13 h. About 25 h after the completion of the first reorganization, the second reorganization occurs during the late stage of macronuclear development, which is referred as postconjugational reorganization. The process is synchronized in each partner of a conjugating pair, so description based on one partner is as follows.


Conjugational Reorganization


Stomatogenesis

About 3–5 h after cell–cell union, the old adoral zone of membranelles (AZM) and the paroral membrane of each partner in a conjugating pair were degraded gradually from posterior to anterior, and only a few apical membranelles were left (Figures 2A, 3A). Thereupon, the process of stomatogenesis was commenced in the form of a small patch of kinetosomes (Figures 2B, 3B), which appeared within a pouch beneath the cortex on the ventral side ahead of the marginal cirri. When this pouch started to enlarge, more and more kinetosomes aligned into new membranelles from the anterior to the posterior part to form the new oral primordium (OP). The newly reformed AZM gradually extended, bent, and migrated toward the anterior (Figures 2C–H, 3C–I). They finally reached half the length of the old AZM and replaced the remaining old AZM after the separation of conjugants (Figures 2I, 3J). The old apical membranes were completely resorbed and no paroral membrane was present during the conjugational morphogenesis.
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FIGURE 2. Illustrations of the morphogenesis in conjugants (A–G) and exconjugants (H–M) after protargol staining. (A) Initiation of conjugation showing fusion of old adoral zone of membranelles (AZM) among the two partners. (B–D) Start of conjugational morphogenesis showing the formation of new oral primordium (arrow) and the disintegration of the parental one (arrowhead). (E–G) Late stages of conjugants showing formation of new adoral membranelles, frontoventral-transverse (FVT) cirri anlagen, marginal cirral anlagen (arrow in G), and caudal cirral anlagen. (H,I) Early exconjugants showing the migration of the incomplete AZM (arrows) and ventral cirri to their respective positions. (J) Start of postconjugational morphogenesis showing the formation of the new oral primordium (arrow). (K) Late stage exconjugant showing the formation of new membranelles in AZM (arrow), FVT cirri anlagen (arrowheads), and leftmost frontal cirrus anlage (double arrowheads). (L–N) Series of late exconjugants showing completion of AZM, development of FVT cirri, marginal cirrus (arrow in L), the leftmost frontal cirrus (double arrowheads in L and M), and the reduced cirrus (arrows in M and N). CC, caudal cirri; FVC, frontoventral cirri; LMC, left marginal cirrus; TC, transverse cirri; PM, paroral membrane.
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FIGURE 3. Photomicrographs of morphogenesis of conjugants (A–H) and exconjugants (I–N) after protargol staining. (A) Very early conjugant showing formation of conjugational junction. (B) Early stage conjugant showing the origination of oral primordium in a subcortical pouch (arrow) and the disintegration of the parental one (arrowhead). (C,D) Conjugants showing formation of new adoral membranelles in the newly developed adoral zone of membranelles (AZM). (E,F) Conjugants showing frontoventral-transverse (FVT) cirri anlagen (arrowheads). (G,H) Late stage conjugants showing FVT cirri anlagen, broaden and break apart into definite cirri, one marginal cirrus (arrow in H) originates near distal end of newly formed AZM. (I,J) Early exconjugants showing migration of the anterior part of AZM (arrows) and FVT cirri. (K) Exconjugant showing the initiation of postconjugational morphogenesis, formation of new AZM (arrow), and FVT cirri anlagen (arrowheads). (L) Exconjugant showing proliferation and differentiation of FVT cirri, the leftmost frontal cirrus (double arrowheads), and the marginal cirrus anlage (arrow). (M,N) Series of late exconjugants showing the completed AZM, development of FVT cirri, two caudal cirri (CC in M), and the leftmost frontal cirrus (double arrowheads in M). Scale bars = 20 μm.




Development of Cirral Anlagen

As the oral primordium extended, a number of basal bodies appeared as frontoventral-transverse (FVT) cirral anlagen, which were generated de novo to the anterior side of the old transverse cirri and right of the new oral primordium, and eventually developed into five distinct streaks (Figures 2E, 3E,F). These streaks extended to both directions by the proliferation of kinetosomes, and then broadened and broke apart in a 2:2:3:3:2 pattern, with each part developing into a new cirrus (Figures 2F,G, 3G,H), designated as the second generation cirri. Among them, the posterior one of each streak gradually moved posteriorly to be the five transverse cirri, and the others become fronto-ventral cirri with the middle one of the fourth streak gradually degenerating into a single dikinetid (Figures 2H,I, 3I,J).

A short row of kinetosomes appeared de novo near the old marginal cirrus, and assembled into the marginal cirral anlage (Figures 2G, 3H). This anlage finally developed into the second generation marginal cirrus, which migrated and replaced the old one (Figures 2H,I, 3I,J).

One cirrus anlage originated at the posterior end of each of the rightmost two dorsal kineties, which later proliferated and developed into two new caudal cirri (Figures 2G, 3H).




Postconjugational Reorganization


Stomatogenesis

After the first round of reorganization, the posterior part of the AZM, the paroral membrane, and the leftmost frontal cirrus were still missing (Figures 2I, 3J). The exconjugants then initiated the second round of morphogenesis at about 36–38 h after cells union. Some kinetosomes started aggregating at the posterior termination of the incomplete AZM (Figure 2J), which then assembled into new adoral membranelles from anterior to posterior directions and finally form the complete AZM (Figures 2K–M, 3L–N). The paroral membrane primordium appeared within a subcortical pouch near the posterior end of the oral primordium (Figures 2L,M, 3M,N). This paroral membrane primordium elongated and broadened and eventually developed into the paroral membrane.



Development of Cirral Anlagen

Similar to the conjugational reorganization, the anlagen of the FVT cirri appeared de novo almost at the same location as in the first round of reorganization (Figures 2K, 3K). These anlagen broadened and broke apart into five streaks in a 2:2:3:3:2 pattern, which then developed into distinct cirri (Figures 2L,M, 3L,M). At the same time, another anlage (Figure 2K) appeared to the left of streaks near the new AZM, then developed into the left-most frontal cirrus (Figures 2L,M, 3L,M). All the cirri migrated to their final positions after differentiation and eventually replaced the old ones (Figures 2N, 3N).

Similarly, one anlage of the marginal cirrus appeared de novo, near the distal end of the newly formed oral primordium (Figures 2L, 3L). Kinetosomes continuously aggregated and developed into the new marginal cirrus (Figures 2M, 3M), which moved to its final position and replaced the second generation marginal cirrus.

Same as in the conjugational reorganization, short rows of basal bodies assembled into anlagen at the posterior end of each of the rightmost two dorsal kineties (Figures 2L,M, 3M). Eventually, two new caudal cirri were formed, which migrated and replaced the second generation caudal cirri.





DISCUSSION


Comparison of the Conjugational and Postconjugational Reorganization in E. raikovi

The ciliature in the ventral side goes through two rounds of morphogenetic process during sexual stage in E. raikovi. The morphogenetic events during conjugational and postconjugational reorganization are similar in that: (1) the FVT cirral anlagen originate de novo in a 2:2:3:3:2 pattern; (2) the marginal cirral anlage is generated de novo; (3) the dorsal kineties remain unchanged during both reorganization, except that the two caudal cirri are regenerated at the posterior ends of the rightmost two dorsal kineties.

There are also some significant differences between the two processes. First, although the oral primordium is generated de novo in a pouch beneath the cortex during both reorganizations, only the anterior part of the AZM is generated during the conjugational reorganization while the posterior part is formed during the postconjugational reorganization. Second, the parental paroral membrane degrades immediately after the pair formation, but no new one forms during conjugational reorganization. The new paroral membrane develops de novo during postconjugational reorganization. Third, the leftmost frontal cirrus is absent during the conjugational morphogenesis while it is formed de novo during the postconjugational reorganization only.

It seems that the first round of reorganization is a waste of energy, which is redundant. Maybe the first round of reorganization is simply triggered by the degradation of the peristome, which have to be destroyed temporally for the pairs to fusion. The other explanation is that the morphogenesis may be coupled with the nuclear division, which is similar to that during cell division (Washburn and Borror, 1972; Voss, 1989). There is one prezygotic micronuclear mitosis and two successive postzygotic synkaryon divisions during conjugation (Gong et al., 2020), which may be related to the two rounds of reorganization.



Comparison of Morphogenesis During Asexual and Sexual Stages in E. raikovi

Regeneration of cortical structures occurs in both asexual (Washburn and Borror, 1972; Voss, 1989), and sexual stages in E. raikovi. The morphogenetic patterns during conjugation and cell division are similar in the origin and segmentation of the FVT cirral anlagen, the absence/presence of reduced cirrus, and the developmental pattern of the caudal and marginal cirri. The differences of morphogenetic observations between conjugation and cell division are as follows: (1) two rounds of reorganization occur during the conjugation of E. raikovi, while only one morphogenesis happens during cell division; (2) the new AZM develops de novo from two separate and successive oral primordia during conjugation, while the proter’s AZM is inherited from the parental AZM and the opisthe’s is generated de novo from a single oral primordium during cell division; (3) there is one set of the FVT cirral anlagen in each reorganization during conjugation while there are two sets during cell division, which are assigned respectively to the opisthe and proter; and (4) the dorsal kineties remain unchanged during conjugation, while they are renewed during cell division.



Comparison of Morphogenesis Among Euplotes Species

Euplotes is a very diverse genus of ciliate group, over 100 species and sub-species have been discovered and assigned to the genus Euplotes (Berger, 2001; Lian et al., 2020). The morphogenesis during cell division have been investigated in detail in ∼20 Euplotes species, which demonstrate a considerably stable pattern of cell development (Tuffrau et al., 1976; Voss, 1989; Foissner, 1996; Song and Shao, 2017). Comparatively, morphogenesis during conjugation have been studied in only eight species, E. vannus (Tuffrau et al., 1976; Gao et al., 2020), E. affinis (Qeng et al., 1992), E. eurystomus (Katashima, 1959), E. aediculatus (Fleury, 1991), E. woodruffi (Wang and Shi, 1989), E. patella (Turner, 1930; Hammond and Kofoid, 1937), an indeterminate Euplotes species (Diller, 1966), and E. raikovi in the present study, which reveal similar patterns. They all go through two rounds of morphogenetic process during conjugation. The first reorganization generates an incomplete ventral infraciliature, lacking the posterior part of AZM, the leftmost frontal cirrus and paroral membrane, which will be completed by the second reorganization. One exception is E. eurystomus, which was reported to have only one reorganization during conjugation (Katashima, 1959). Considering the highly conservative pattern among Euplotes species, it is very likely that the author missed the first reorganization. It is noteworthy that reorganization of the dorsal kineties is not observed during conjugation in E. raikovi, which is consistent with that in other Euplotes species except for E. affinis. Qeng et al. (1992) investigated the conjugation in E. affinis based on protargol staining. They observed the regeneration of dorsal kineties during the postconjugational reorganization (Qeng et al., 1992).

The morphogenetic patterns during conjugation among Euplotes species vary slightly mainly in the development of the FVT and caudal cirri, which is similar to those during binary fission (Shao et al., 2010). Based on the origin and number of the FVT, the segmentation of the FVT cirral anlagen, the absence/presence of reduced cirrus, and the migration of the FVT cirri, at least five types are defined, including the affinis-type, the eurystomus-type, the charon-type, the raikovi-type, and the orientalis-type (Shao et al., 2010). E. raikovi is obviously the raikovi-type of 2:2:3:2 (+1):2 (7 frontoventral, 1 reduced cirrus, and 5 transverse cirri). E. vannus belongs to the charon-type of 3:3:3:2:2 (10 frontoventral and 5 transverse cirri) (Tuffrau et al., 1976; Gong et al., 2020). E. eurystomus, E. aediculatus, E. woodruffi, and E. patella belong to the eurystomus-type of 3:3:3:2:2 (nine frontoventral and five transverse cirri, cirrus V/2 clearly medial of cirrus VI/2) (Turner, 1930; Hammond and Kofoid, 1937; Katashima, 1959; Wang and Shi, 1989; Fleury, 1991). E. affinis is the affinis-type of 3:3:3:2:2 (nine frontoventral and five transverse cirri, cirrus V/2 directly anterior to cirrus VI/2) (Qeng et al., 1992).

We mapped the characters (the number of the FVT cirri and the segmentation of the FVT cirral anlagen) of the available Euplotes species into the phylogenetic trees based on SSU rDNA, which divides the Euplotes species into five clades (Figure 4). Based on the present data, species in clades 1, 4, and 5 possess 10 frontoventral cirri and 5 transverse cirri with the segmentation pattern of 3:3:3:3:2, which might be plesiomorphy in Euplotes, though two frontoventral cirri are reduced in E. orientalis. Comparatively, species in clade 2 lose one frontoventral cirrus, with nine frontoventral cirri and five transverse cirri and the segmentation pattern of 3:3:3:2:2. Species in clade 3 lose two frontoventral cirri, with eight frontoventral cirri and five transverse cirri and 2:2:3:3:2 pattern. In general, Euplotes species tend to lose their frontoventral cirri, which may occur independently among different subgroups (Zhao et al., 2018).
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FIGURE 4. Maximum likelihood (ML) tree based on SSU rDNA sequences showing the evolutionary relationships among Euplotes species. The pattern and the segmentation of the frontoventral-transverse (FVT) cirri of the available species are indicated in the tree. The FVT pattern represents the number of frontoventral cirri: transverse cirri. The segmentation of the FVT cirri shows the number of the fragmented anlagen from the first streak to the fifth streak, and the number of additional barren cirri/anlagen is shown in brackets. Numbers near the branches represent bootstrap values of ML analyses and posterior probability of Bayesian analyses (BI). “*” indicates topologies that differ between the ML and BI phylogenies. Fully supported (100/1.00) branches are marked with solid circles. All branches are drawn to scale. The scale bar corresponds to 5 substitutions per 100 nucleotide positions.




Morphogenesis During Sexual Stages in Other Ciliates

Limited studies reveal that the patterns of morphogenesis during conjugation vary dramatically among ciliates. For example, there is no obvious reorganization during conjugation in Protospathidium serpens, which unite obliquely with the oral bulge (Xu and Foissner, 2004). Only oral structures are reorganized during the conjugation in some species such as Paramecium tetraurelia (Ng and Newman, 1984), Urocentrum turbo (Serrano et al., 1987), Caenomorpha medusula (Martin-Gonzalez et al., 1988), Nyctotherus cordiformis (Wichterman, 1937), and Bursaria truncatella (Poljansky, 1934), although this reorganization of oral structures may occur at different developmental stages during conjugation, which is taxa specific. It has been indicated that ciliates go through a similar nuclear and cortical reorganization during autogamy as in conjugation (Xu and Shi, 1987). As research focusing on morphogenesis during autogamy is very limited, we only discuss the morphogenetic process during conjugation.

The most complex reorganization of the ciliature, including reorganization of both the buccal organelles and somatic ciliature, occurs in conjugating spirotrichs, which has conspicuous oral ciliature and highly differentiated somatic ciliature (Xu et al., 2020; Zhang et al., 2020). The ciliary reorganization during conjugation may occur only once as reported in Pelagostrobilidium sp. (Ota and Taniguchi, 2003) and Halteria grandinella (Agatha and Foissner, 2009), twice as in Euplotes (present study) and Aspidisca (Diller, 1975), and even three times as in Oxytricha fallax (Gregory, 1923), Stylonychia mytilus (Shi, 1976), and Pseudourostyla cristata (Zhang et al., 1985). Despite being a close relative to E. raikovi and two rounds of reorganizations occur during conjugation in both species, Aspidisca costata showed a different developmental behavior. In Aspidisca, the old AZM disintegrate but the new AZM is not developed until in late exconjugants during the second reorganization, so that the exconjugants remained astomatous for a long time (Diller, 1975; Rosati et al., 1998). However, Aspidisca species develop an anterior ciliary organelles (ACO) during the first reorganization, which corresponds to the anterior part of Euplotes AZM. Moreover, in both genera, the left most frontal cirrus develops only once. In Aspidisca, it originates during the first reorganization while in Euplotes during the second reorganization (Rosati et al., 1998). Therefore, a full number of cirri is developed after the first reorganization in Aspidisca while it is still incomplete in Euplotes. As mentioned above, it is obvious that many cytoplasmic organelles generally undergo profound reorganization during conjugation, which display a very high diversity of the morphogenetic patterns among ciliates. The deep molecular mechanisms related to this complex process are waiting for further investigations.
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