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Chapter 

Calcium is released from electron-dense stores during 
vis-a-vis pair formation in Chlamydomonas moewusii 

Kuin H.M.A., Musgrave A., Siderius S., Koerten H. and Cambier P. 

Abstract. When Chlamydomonas moewusii (Gerloft) gametes of opposite mating type 

are mixed, they make contact via their flagella and eventually fuse to produce vis-a-vis 

pairs. During this process the level of inositol 1.4.5-trisphosphate (InsP^) was shown to 

increase. InsP3 is the water-soluble product of hydrolysation of phosphatidylinositol 4,5-

bisphosphate, leaving behind diacylglycerol in the membrane. The enzyme that is 

involved in this reaction is phospholipase C (PLC) and it was shown that its activation 

induces Ca2* release from electron-dense stores in C. moewusii. This suggests that Ca2+ 

might be released from these stores upon cell fusion. To test this hypothesis, the Ca24 

content of electron-dense bodies of vis-a-vis pairs was compared with that of non-fused 

cells. The results indicate that Ca21" was released from gametes that had just fused and was 

also re-absorbed, suggesting that it is a dynamic process. 
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Chapter 3 

Introduction 

The first intracellular event observed upon fertilization in both mammals and plants is a 

transient increase in cytosolic Ca2 ' concentration which triggers egg activation and early 

embryo development (Digonnet et al. 1997; Hogben et al. 1998). In mammalian cells a lot 

of effort is being made to unravel the signalling components that are involved in generating 

the Ca2+ transients. For example, it has been established that inositol 1,4,5-trisphosphate 

(InsP3) generated by phospholipase C (PLC) is one of the Ca2*-releasing agents (Carroll 

et al. 1997; Albrieux et al. 1998; Shearer et al. 1999). It is more difficult to study the 

biochemical changes associated with the fertilization of higher plant eggs, because they are 

enclosed within ovarian tissue and cannot easily be isolated in quantities that are 

sufficient for analysis. However, some lower plant systems are amenable because the 

single-celled gametes can be cultivated in large numbers. The heterothallic, bi-flagellate alga 

Chlamydomonas is a good example. 

When Chlamydomonas gametes of opposite mating types (mt+ and mt") are mixed 

together, the initial adhesion via agglutinins on their flagellar surfaces triggers several 

responses that eventually lead to cell fusion and zygote formation (Musgrave et al. 1993; 

Quarmby 1994). It has been shown in C. moewusii, that changes in polyphosphoinositide 

metabolism and increases in InsP3 were correlated with gamete fusions that produced so-

called vis-a-vis pairs, the first stage in zygote formation (Musgrave et al. 1993). More 

recently it has been shown that Ca2+ was lost from electron dense bodies (EDBs) in C. 

moewusii (Siderius et al. 1996) when PLC was activated (Kuin et al. 2000). Combining 

these data produces the hypothesis that PLC-generated InsP3 releases Ca2+ from EDBs in 

Chlamydomonas upon cell fusion. 

Although cytosolic Ca2T levels have not been measured directly, there are 

indications that they rise upon fertilization. Bloodgood and Levin (1983) used gametes of 

C. reinhardtii that were pre-loaded with 4?Ca2+. When these gametes were mixed and they 

started to fuse together, radioactivity was lost into the medium, suggesting that it was 

released from intracellular stores. Second. Kaska et al. (1985) showed via X-ray 

microanalysis that the calcium level within LDBs of C. reinhardtii gametes was much 

lower when the gametes had just fused, suggesting that Ca2+ had been released from them 

upon cell fusion. 

In order to test whether the InsP3 generated on cell fusion releases Ca2+ from 

EDBs in Chlamydomonas, an important first step is to establish whether Ca2+ is released 

from the EDBs in C. moewusii during vis-a-vis pair formation, so that PLC-activation, 

InsP3-generation and Ca2+ release will then all have been measured in one single species. 
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Ca" -release during cell fusion 

Therefore we have used X-ray microanalysis (XRMA) to analyze these calcium stores in 

C. moewusii during the process of cell fusion. 

Material and Methods 

Cell cultures. Chlamydomonas moewusii Gerloff strains Utex 10 (mt") and 17.17.2 (mt+) 

were grown as described in Musgrave el al (1992). All cells were harvested as gametes 

after flooding 3-week-old agar cultures with distilled water. Cells were sedimented at 1600 

g for 5 min and resuspended in 10 mM Hepes pH 7.2, 1 mM MgCl2, 0.1 mM CaC^ and 

1 mM KC1 (HMCK) at 107 cells per mL. 

X-ray microanalysis. Gametes of both mating types were mixed to undergo sexual 

reproduction. After 15 and 30 min, samples of 10 JIL were taken and mounted on copper 

grids covered with a film of pallodion. Excess medium was withdrawn by holding one side 

of the grid against a piece of filter paper. The grids were then stored for analysis as soon 

as possible, or they were rapidly cooled on a block of aluminium standing in liquid 

nitrogen and then freeze-dried before storing for analysis. Cells were analyzed for 50 s 

with a Tracor (TN) 2000 X-ray microanalyzer attached to a Philips EM 400 scanning 

transmission electron microscope. Unless stated otherwise, only one anteriorly located 

EDB per cell was analyzed. 
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Chapter 3 

Results and discussion 

In order to study whether Ca + release from electron dense bodies (EDBs) is related to 

cell fusion in Chlamydomonas moewusii, the Ca2+ content of the EDBs in vis-a-vis pairs 

was compared with that of non-fused gametes from the same preparation. In C. moewusii. 

sexual cell fusion is initially restricted to the formation of a cytoplasmic bridge between 

the gamete bodies, producing vis-a-vis pairs. They first appear in gamete mixtures after 5-

10 min, but maximum production occurs after about 20-30 min (Musgrave et al. 1993). 

The problem with viewing a collection of gametes that are in different stages of fusion 

under the electron microscope, is that some non-fused cells lie next to each other and 

resemble vis-a-vis pairs. Consequently fused pairs can only be distinguished with 

confidence if they lie completely free of all other cells. In practice, enough free lying pairs 

were only detected 15 min after mixing gametes and therefore vis-a-vis pairs formed 

between 15 and 25 min were analyzed by XRMA. When viewed under the electron 

microscope, all cells were seen to possess EDBs (Fig. 3.1. upper panel) similar to those 

previously described by Siderius et al. (1996) and shown in Chapter 2 of this thesis. All 

EDBs in non-fused cells produced strong calcium and phosphorus signals, when analyzed 

by X-ray micro-analysis. When spot analyses were made of any other parts of the cell, 

either no calcium or phosphorus signal was registered or only a very weak one. 

Fig. 3.1a shows an electron micrograph of a vis-a-vis pair, harvested 15 min after 

mixing gametes, together with an XRMA scan of the same cell pair. Note, that in contrast 

with non-fused gametes, both calcium (yellow) and phosphorus (red) signals were 

registered from all areas of the cell without being concentrated in a particular organelle. In 

comparison, the scan of an older vis-a-vis pair, harvested 30 min after mixing gametes, 

shows that the calcium and phosphorus signals were again concentrated in spots, which 

correlate with the locations of EDBs in the photograph above (Fig. 3.1b). This suggests 

that the calcium content of the EDBs in gametes was mobilized upon cell fusion, and later 

re-accumulated into the EDBs. 

It can be expected that if Ca2+ release from EDBs is related to cell fusion, the 

release will first occur near the site of cell fusion. This idea is supported by XRMAs of 

several individual EDBs in a young vis-a-vis pair. Fig. 3.2 shows that EDBs that lie at the 

anterior end of the cell, near to the site of fusion, were empty, while the contents of the 

EDBs far away from the fusion point were unchanged. Moreover, the release of Ca2+ 

from EDBs seems to be a coordinated response, since the empty bodies near the site of 

fusion were found in both cells of a pair. Therefore these data further strengthen the 

conclusion that Ca * is released from the EDBs soon after cell fusion. 
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Ca" -release during cell fusion 

Fig. 3.1 (a,b) Electron micrographs and XRMA maps of "non-fixed" C. 
moewusii vis-a-vis pairs, a. Vis-a-vis pair 15 min after mixing gametes, b. Vis
a-vis pair 30 minutes after mixing. The XRV1A maps are a combination of 
phosphorus (red) and calcium (yellow), where they coincide the signal is white. 
Scale bar. 5 urn. (The figure was taken from the thesis o\' M. Siderius (1996) 
with permission). 

The XRMA map of calcium in Fig. 3.1 A essentially duplicates the ones presented 
for fused C. reinhardtiigametes (Kaska et al. 1985) but illustrates two new points: first. 
the phosphorus content of the bodies was also lost (as was the magnesium, not shown). 
This was surprising, for we and others have shown that both Chlamydomonas species 
store phosphorus as polyphosphate (Hebeler et al. 1992: Siderius et al. 1996), which we 
did not expect to be rapidly mobilized. Second, despite the lack of mineral content, the 
bodies were visually unchanged. Thus the electron density was not caused by the mineral 
content. 
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Fig. 3.2 Electron micrograph and XRMAs of EDBs in a young vis-a-vis 
pair of C. moewusii. XRMA analyses were made of the indicated EDBs. The Cu 
signal is due to the copper grid on which the cells were mounted. 

It must be noted, that the calcium and phosphorus content was lost from the 
EDBs in only 15% of the young vis-a-vis pairs. Nonetheless, the fact that empty EDBs 
were never encountered in the more than 400 "non-fixed" gametes that were analyzed, 
indicates that Ca2+ was indeed released from the EDBs upon cell fusion. It has been 
shown before that the EDBs contain about 2 M Ca2" (Kuin et al. 2000). Since they 
represent 1% of the cell volume, a simple calculation reveals that the complete release of 
Ca2+ from all EDBs into the cytosol would raise the Ca + level up to 20 mM. Since this 
would presumably be toxic for the cell, it seems to be an unrealistic scenario and therefore 
it had to be concluded that the complete release of Ca"^ from the EDBs, even from only a 
few EDBs, could well be an artifact. It may have been caused by a lack of "fixation*', for 
EDBs of vis-a-vis pairs that were snap-frozen and freeze-dried before analysis always 
produced a Ca2+ signal. 

In these cells, changes in the calcium content of the EDBs could only be detected 
when the Ca signal was expressed in relation to another element, such as potassium. An 
advantage of this form of expression is that it is not subject to variation in EDB-size or 
how accurately the electron beam is centered on the body. The Ca:K ratio was chosen 
because the release of Ca-+ from intracellular stores is often countered by the uptake of 

54 



Ca*'-release during cell fusion 

K+ to maintain electro-neutrality (Muallem et al. 1985; Oldershaw and Taylor 1993; 
O'Rourke et al. 1994). Since K+ is the major cation in the cytosol of C. moewusii cells, we 
presume that it fulfills a similar role in this alga. As shown in Fig. 3, the Ca:K ratio in 
EDBs of vis-a-vis pairs was significantly lower than that of EDBs in non-fused control 
cells. These data confirm that Ca2+ was released from EDBs in C. moewusii gametes soon 
after they fused, however, the complete release of Ca2+ from the EDBs in C. moewusii as 
shown in Figs. 3.1 and 3.2, and probably also in C. reinhardtii (Kaska et al. 1990), is 
perhaps partially due to an artifact. Nonetheless, both methods seem to complement each 
other, the merit of the XRMA data from "non-fixed" cells being that they exaggerate the 
underlying mechanism of Ca2+ release and re-uptake into the EDBs, making its detection 
much simpler. The XRMA data from EDBs in snap-frozen cells presumably give a more 
realistic illustration of the relative changes in Ca2+, but the general effect would probably 
never have been discovered if "non-fixed" cells had not been studied first. 
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Fig. 3.3 Effect of cell fusion on Ca:K ratio in EDBs of "fixed" C. moewusii 
cells. They were mixed for 15-25 min. mounted on a copper grid and snap-
frozen on an aluminium block in liquid nitrogen. Subsequently, they were freeze-
dried and analyzed by X-ray microanalysis. Control: n=7 and vis-a-vis pairs: 
n=10. 

Taken together, these results indicate that Ca2+ release from EDBs near the site of 
fusion is a fertilization signal in C. moewusii, as it is in mammals and plants (Digonnet et 
al. 1997; Hogben et al. 1998). The combination of different types of data indicate that the 
production of InsP3 is involved in this release of Ca2+. First of all, phosphoinositide 
turnover and InsP3 production is stimulated during vis-a-vis pair formation in C'. 
moewusii (Musgrave et al. 1993). Furthermore, activation of PLC by the G-protein 
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activator mastoparan and the anti-calmodulin drug calmidazolium (Munnik et al. 1998b; 

Van Ilimbergen et al. 1999; Harold Meijer, personal communication) is correlated with 

Ca2* release from EDBs in C. moewusii gametes (Kuin et al. 2000; Harold Meijer, 

personal communication). In the case of mastoparan, the production of InsP3 has been 

measured (Munnik et al. 1998b) and mastoparan treatment was shown to release 45Ca2+ 

from permeabilized C. moewusii cells in the presence of EGTA, which chelated all free 

extracellular Ca +, preventing the possibility that Ca2_t entering cells from the medium 

induced the release of Ca2+ from intracellular stores (Kuin et al. 2000). These results 

therefore suggest that EDBs represent a source of intracellular Ca2+ that can be released 

by treatments that activate PLC signalling in C. moewusii gametes. 
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