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Chapter 

Activation of phospholipase C and D by butanol 
isomers is correlated with intracellular calcium release 
and deflagellation in Chlamydomonas moewusii. 

Hilda Kuin, Bas ter Riet, Corrien Sigon, Ben ten Brink, Alan Musgrave and Teun Munnik 

J. Exp. Bot. in preparation. 

Abstract When Chlamydomonas moewusii (Gerloff) cells were labelled with 32Pj for 3 h 

and then treated with butylalcohol (n-butanol), the production of P-phosphatidic acid 

(PtdOH) increased. By using a differential labelling strategy part of the PtdOH was 

shown to originate from phospholipase C (PLC) and part from phospholipase D (PLD) 

activation. «-Butanol treatment also induced the following calcium-dependent responses: 

deflagellation, mating structure activation and nuclear displacement. Active concentrations 

of 77-butanol did not permeabilize the cells yet were able to cause deflagellation in the 

absence of extracellular calcium. This suggests that treatment induced the efflux of Ca + 

from intracellular stores. This was confirmed by loading stores with 45Ca2+ and showing 

that n-butanol induced the release of 45Ca2+ from digitonin permeabilized cells. Other 

butylalcohol isomers were less effective at activating PLC, PLD, deflagellation and the 

release of Ca +: n > iso > sec » tert. These results suggest that «-butanol activates 

phospholipases whose products cause the release of Ca2+ from intracellular stores in the 

cell, thereby activating Ca2'-dependent responses. 
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Chapter 6 

Introduction 

Evidence is accumulating for G-protein-activated phospholipid signalling pathways in 

plants transducing extracellular signals into intracellular responses (Munnik et al. 1998a). 

This is largely based on the use of G-protein activators such as mastoparan to activate 

signalling (Quarmby et al. 1992. 1994; Yueh and Crain, 1993; Drobak and Watson, 1994; 

Cho et al. 1995; Franklin-Tong et al. 1996; Tucker and Boss. 1996; Munnik et al. 1995. 

1998b; Van Himbergen et al. 1999: Frank et al. 2000). Two of the pathways that are 

activated by G-proteins involve phospholipases C (PLC) and D (PLD). PLD hydrolyses 

the headgroup from a structural phospholipid resulting in the production of phosphatidic 

acid (PtdOH), a potential second messenger (Munnik et al. 1998a). while PLC hydrolyses 

phosphatidylinositol 4.5-bisphosphate (PtdlnsP2) into two other potential second 

messengers: inositol 1.4,5-trisphosphate (InsP3) and diacylglycerol (DAG). The latter is 

then rapidly phosphorylated into PtdOH by DAG-kinase. Both InsP3 and PtdOH are 

able to increase the Ca2+ concentration in the cell: InsP3 by opening InsP3-gated channels 

in cellular stores such as the vacuole and endoplasmic reticulum (Sanders et al. 1995: 

Webb et al. 1996; Allen and Sanders 1997; Munnik et al. 1998a). while PtdOH can to act 

as a Ca2+-ionophore (Munnik et al. 1995, 1998a). This indicates that activation of PLC 

and PLD could lead to Ca2+-dependent responses in plant cells. 

Phospholipid signal transduction has been extensively studied in the unicellular 

green alga Chlamydomonas (Quarmby et al. 1992; Crain and Yueh. 1995; Munnik et al. 

1995, 1996, 1998b). When cells were treated with mastoparan. the level of PtdInsP2 was 

shown to decrease, correlated with an increase in InsP3 and PtdOH. While these are 

characteristics of PLC activation, it was demonstrated that PLD activation also 

contributed to the production of PtdOH (Munnik et al. 1995. 1998b). This was 

established by using PLD's unique ability to transfer the phosphatidyl group of its 

substrate, not just to water, producing PtdOH. but also to butanol. producing 

phosphatidyl butanol (PtdBut). In Chlamydomonas, PLC and PLD activation seem 

correlated with an increase in intracellular Ca2+, because mastoparan treatment results in 

deflagellation (Quarmby et al. 1992: Munnik et al. 1998b). which is at least partly due to 

the Ca2+-induced contraction of centrin in the transition zone of each flagellum (Sanders 

and Salisbury 1989, 1994). The Ca2+ seems to originate from intracellular stores, because 

mastoparan induces deflagellation in the absence of extracellular Ca2+ (Quarmby et al. 

1994; Van Himbergen et al. 1999) and because mastoparan treatment has been shown to 

mobilize Ca2+ from intracellular electron-dense bodies in Chlamydomonas moewusii (Kuin 

et al. 2000). 
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Butylalcohol isomers activate PLC and PLD 

Alcohols have also been used as activators of phospholipases C (Musgrave et al. 1992) 
and D (Munnik et al. 1995) in plants. Their ability to activate signalling via G-proteins in 
animals is documented (Rubin and Hoek 1988; Rooney et al. 1989; Hoek et al. 1992). The 
potency of activation is correlated with their membrane/buffer partitioning coefficients, 
with long chain alcohols favoring a lipid environment and being more effective activators. 
The fact that substantial amounts of alcohols can be produced by plants (Bucher et al. 
1995; Nemecek-Marshall et al. 1995), raises the question of whether alcohols act as 
natural activators of PLC and PLD in plants. This emphasizes the possible importance of 
alcohols in signal transduction research, and therefore the differential activation of PLC 
and PLD by different butylalcohol isomers and correlated calcium release and 
deflagellation. 

Material and Methods 

Materials. 32Pj (carrier free) and 45CaCl2 (7.9 mCi/mg CaCl2) were from Amersham 
International Cs-Hertogenbosch, The Netherlands). Butylalcohol (w-ButOH) was 
supplied by ACROS organics ('s-Hertogenbosch, The Netherlands). Other organic 
solvents, 2-methyl-l-propanol, 2-butanol and 2-methyl-2-propanol (iso-, sec- and tert-
ButOH respectively), as well as digitonin and silica 60 thin layer chromatography (TLC) 
plates were supplied by Merck (Darmstadt, Germany). Glass microfibre filters GT/C, 2.5 
cm 0 were obtained from Whatmann (Maidstone, UK). Other reagents were from Sigma. 

Cell cultures. Chlamydomonas moewusii Gerloff strain Utex 10 (from the Culture 
Collection of Algae, University of Texas) was grown as previously described (Musgrave 
et al. 1992). Sexually competent cells were harvested after flooding 3-week-old agar-
cultures overnight with 20 mL 10 mM HEPES pH 7.4, 1 mM MgCl2, 1 mM CaCl2 and 1 
mM KC1 (HMCK), producing a cell suspension of 1-2 x 107 cells / mL. 

Phospholipase C and D activities. Cells (1-2 x 107 cells per mL) were prelabelled for 3 h 
with 32Pj (37 x 104 Bq per 100 uL aliquot). Phospholipase activity was stimulated by 
adding n-, iso-, sec- or tert-ButOH in a total volume of 100 uL, using the concentrations 
and times indicated. For the assay of PLD activity, 0.1% ethanol (EtOH) was added as 
transphosphatidylation substrate. The reactions were stopped by adding additional 375 
uL CHC13:CH30H:HC1 (50:100:1 by vol.) and the lipids extracted and separated by TLC 
according to Munnik et al. (1996). Chromatograms were exposed to X-ray film (Kodak 

97 



Chapter 6 

X-Omat 100) for 1 to 16 h. To quantify the amount of radioactivity in each 

phospholipid, individual spots were scraped from the silica plate and measured by liquid 

scintillation counting (counts per minute; cpm). Alternatively, radioactivity was 

determined by phospho-imaging (BAS 2000. Fuji). 

Deflagellation. Aliquots of 100 uL cells (1-2 x 107 cells per mL) were incubated with 

different concentrations of n-, iso-, sec- or te/-/-ButOH for 30 s. Cells were fixed by 

adding an equal volume of 1.5% formaldehyde / 0.5% glutaraldehyde. Deflagellated cells 

were assessed under a phase contrast microscope. At least 125 cells were counted per 

aliquot and only cells that had lost both flagella were scored as deflagellated. 

Nuclear movement. Aliquots of 100 p.L cells (1-2 x 10 cells per mL) were incubated with 

2.5 uM DAPI to stain the nuclei. Water or 125 mM n-. iso-, sec- or tert-ButOR were 

added at the same time. After 20 min. cells were photographed under a microscope fitted 

with a C-35AD-4 camera (Olympus, Japan). 

Mating structure activation. Aliquots of 100 uL cells (1-2 x 10 cells per mL) were 

incubated with water or 125 mM n-. iso-, sec- or te/7-ButOH. After 10 min the 

percentage of balloons was estimated under a phase contrast microscope. At least 100 

cells were counted. 

45Ca2' release from permeabilized cells. Cells (107 cells per mL) were incubated in 10 

mM HEPES pH 7.2. 1 mM MgCl2, 0.1 mM 45CaCl2 (37 x 103 Bq per 100 uL aliquot) and 

1 mM KC1 for at least 5 h. They were resuspended in 10 mM HEPES, pH 7.2 and 1 mM 

K.C1 to remove excess radioactivity and mixed with an equal volume of 10 mM HEPES 

(pH 7.2) containing 20 mM EGTA, 200 mM KC1 and 100 uM digitonin in water or in 

250 mM n-, iso-, sec- or tert-ButOti. After 5 min. 100 uL aliquots were mixed with 1 ml. 

ice-cold 1 mM EGTA for 1 min to dilute the cells and stop the reactions and then filtered 

(Whatmann GT/C glass micro fibre filters). The filter was then washed with 3 x 3 mL ice-

cold 1 mM EGTA in 10 mM HEPES pH 7.2 and the radioactivity on the filter was 

quantified by liquid scintillation counting. 

98 



Butylalcohol isomers activate PLC and PLD 

Results and discussion 

Butanol activates phospholipase C and D in Chlamydomonas moewusii. In order to study 

the possible activation of PLC and PLD by butanol, the synthesis of phosphatidic acid 

(PtdOH) was measured in radio-labelled cells according to Munnik et al. (1998b). Cells 

were incubated with 32Pj for 3 h and subsequently treated with different concentrations of 

rt-ButOH. After 5 min the reaction was stopped and the lipids extracted and separated by 

alkaline TLC. The radioactive phospholipid patterns were as shown in Fig. 6.1 A. A clear 

increase in PtdOH can be seen with increasing concentrations of w-ButOH. No other 

dramatic changes in lipid metabolism occurred. Concentrations of tf-ButOH above 30 mM 

induced PtdOH formation, the effect increasing up to 225 mM, the highest concentration 

that was tested. The level of PtdOH was then 16-fold the control level (Fig 6.IB). The 

increase in PtdOH was transient and for 125 mM «-ButOII, a maximum was reached after 

3-5 min, when the level of PtdOH was 3x the control level (Fig. 6.1C). These results 

support the data presented by Munnik et al. (1995) which showed that «-ButOH 

activated both PLC and PLD. 

Butanol isomers have different potencies in activating the formation of PtdOH. In animal 

cells alcohols can activate signalling cascades via G-proteins (Rubin and Hoek, 1988; 

Rooney et al. 1989; Hoek et al. 1992) and in plant cells this may also occur (Munnik et al. 

1998a). Their activation potency in animals is correlated with their membrane/buffer 

partitioning coefficients. To test whether this was also the case in C. moewusii, cells were 

pre-labelled with 32Pj and subsequently treated for 5 min with 125 mM of each 

butylalcohol isomer. Lipids were extracted, separated by chromatography and the 

radioactivity in each phospholipid was quantified. As shown in Fig. 6.2A. «-ButOH, iso-

ButOH and sec-ButOH stimulated PtdOH formation with decreasing efficacy, while tert-

ButOH did not have a significant effect on PtdOH formation at all. Their ability to 

activate PtdOH formation correlated with their membrane/buffer coefficients, as shown in 

see Table I. 

Distinguishing between PLC- and PLD-generated PtdOH. Whereas PtdOH originating 

from PLC activity is generated through phosphorylation of diacylglycerol (DAG), PLD 

generates PtdOH directly via the hydrolysis of a structural phospholipid. One can 

distinguish experimentally between the two by making use of a differential labelling 

strategy (Munnik et al. 1998b). If cells are labelled with 32Pj for a short period of time, 

only the lipids PtdlnsP, PtdInsP2 and PtdOH are labelled. The reasons for this are that 
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Fig. 6.1 A-C. «-ButOH stimulates PtdOH formation in C. moewusii. Cells 
were pre-labeled with 32Pj for 3 h and treated with different concentrations of 
«-ButOH for 5 min (A,B), or with 125 mM /7-ButOH for different times (C). 
Lipids were then extracted, separated by thin layer chromatography (TLC), 
visualized by autoradiography, and quantified by phospho-imaging. A 
Autoradiograph of alkaline TLC plate showing the «-ButOH-induced changes in 
phospholipid labeling pattern. Abbreviations: PtdGro. phosphatidylglycerol; 
PtdEtn, phosphatidylethanolamine; Ptdins. phosphatidylinositol; PtdOH. 
phosphatide acid; PtdlnsP. phosphatidylinositol 4-phosphate: PtdInsP2 . 
phosphatidylinositol 4.5-bisphosphate. B Effect of different concentrations of 
«-ButOH on the amount of 32P,-PtdOH present after 5 min depicted as a 
percentage of the control. C Effect of 125 mM «-ButOH on "P , -P tdOH 
formation with time. Data are presented as percentages of controls. 
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Butylalcohol isomers activate PLC and PLD 

they have a relatively fast turnover and receive their phosphate directly from ATP, one of 
the first compounds that becomes labelled in the cell. In contrast, structural 
phospholipids are not labelled by a short incubation in 32Pj, because they have a much 
slower turnover and receive their phosphate group from more slowly labelled precursors. 
Therefore under short-labelling conditions, any increase in 32P-PtdOH is due to the joint 
activities of PLC and DAG-kinase. In practice when cells were labelled for 30 sec with 
32Pj and subsequently treated with 125 mM «-butanol, a dramatic increase in the 
production of PtdOH was found (results not shown), indicating that «-butanol stimulated 
PLC and/or DAG-kinase activities. 
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Fig. 6.2 A-D. Relative activation of PLC and PLD by butanol i somers . C. 
moewusii cells were pre-labeled with Pj for 3 h and then treated for 5 min 
with water (control) or 125 mM «-, iso-, sec- or /er/-ButOH in the presence of 
0 .1% EtOH. Lipids were extracted, separated by ethyl acetate TLC and 
visualized by autoradiography. The amount of label in the phospholipids was 
determined by liquid scintillation counting. A Effect of each butanol isomer on 
the formation of 32P-PtdOH as a percentage of the control. 3 2P-PtdOH 
formation provides a joint measure of PLC (together with DAG-kinase) and 
PLD activities. B Effect of each butanol isomer on the formation of 3 2P-PtdEt 
as a percentage of the control. "P-PtdEt formation provides a limited measure 
of PLD activity. C Effect of different butanol isomers on the formation o f 
~P-PtdBut as a percentage of the control. Note that only «-ButOH and iso-

ButOH act as transphosphatidylation substrates for PLD. D Effect of each 
butanol isomer on the joint formation of 32P-PtdEt and 32P-PtdBut, expressed 
as phosphatidylalcohol (PtdAlc), providing a relative measure of total PLD 
activity. 
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In order to test whether PLD was also activated by butanol, cells were first 

incubated for 3h with 32P, to label all potential PLD substrates. Ethanol (0.1%) was then 

added to the living cells to act as a transphosphatidylation substrate for PLD (Munnik et 

al. 1995). After 5 min treatment with 125 mM of each butylalcohol isomer, lipids were 

extracted, chromatographed and the amount of radioactivity in each phosphatidylethanol 

(PtdEt) spot was quantified (Fig. 6.2B). The three isomers tf-ButOH. /.vo-ButOH and sec-

ButOH enhanced PtdEt formation, clearly showing that they stimulated PLD activity. 

7er/-ButOH did not activate PLD. 

If butanol is added to cells, it is also used by PLD as a transphosphatidylation 

substrate, just like ethanol. In the experiments just presented, n- and iso-ButOH were 

partially converted to PtdBut (Fig. 6.2C). This means that these butylalcohol isomers 

competed with EtOH for phosphalidylation and therefore total PLD activity is the sum 

of PtdEt plus PtdBut, depicted as phosphatidylalcohol (PtdAlc) in Fig. 6.4D. The 

relative stimulator}' effects of n-, iso- and sec-ButOU on PLD activity now come more 

into perspective and comparison with their membrane/buffer coefficients (see Table 1) 

indicates that they are also correlated. 

Butanol isomers induce Co2'-dependent responses. Activation of both PLC and PLD can 

lead to an increase in the level of intracellular calcium. In the case of PLC via InsP3 and in 

the case of both PLC and PLD via PtdOH. which can possibly act as a Ca * ionophore 

(Munnik et al. 1998a). A well established biological effect of increasing the calcium 

concentration in Chlamydomonas is deflagellation, which is at least partly caused by the 

calcium-dependent contraction of centrin rupturing the microtubular cytoskeleton 

(Sanders and Salisbury 1989. 1994). In permeabilized cell models, an increase in the level 

of calcium from pCa 7 to pCa 6 induced excision (Kamiya and Witman 1984). Therefore 

the dual activation of PLC and PLD in C. moewusii could lead to deflagcllation. This was 

tested by incubating C. moewusii cells with different concentrations of butanol isomers 

and observing the percentage of cells that had been deflagellated. As shown in Fig. 6.3A, 

treatment of C. moewusii cells for 30 sec with n-, iso- and .vec-ButOH induced 

deflagellation in a concentration dependent manner. The isomers differed in efficacy in a 

manner related to how effectively they induced PtdOH synthesis: 125 mM /7-ButOH 

induced 100% deflagellation, while the same concentrations of iso- and .vec-ButOH 

induced 55% and 32% deflagellation. respectively. ter/-ButOH was biologically inactive 

(Fig. 6.3A). 

In C. reinhardtii, deflagellation is accompanied by movement of the nucleus from 

the cell interior towards the flagellar bases, a Ca2_r-induced displacement of 1-2 (im 
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(Sanders and Salisbury 1989). This movement is caused by the contraction of centrin in 
the nucleus-basal body connector. When C. moewusii cells were treated with 125 mM n-
ButOH, the nuclei also moved towards the flagellar bases (Fig. 6.3B). The estimated 
displacement was ~4 urn, producing a much more dramatic visual effect than in C. 
reinhardtii. 

gioo 
ï 80Ï 

100 200 
[butylalcohol] m M 

contr n iso sec tert 
butyl alcohol 

control 125 m M w-ButOH 

Fig. 6.3 A-C. Butanol isomers induce deflagellation, nuc lear 
displacement and mating structure activation in gametes of C. 
moewusii. A Percentage deflagellation induced by different concentrations of n-
ButOH ( • ) , wo-ButOH (A) , sec-ButOH ( • ) and tert-ButOH ( • ) . At least 125 
cells were counted per sample and only cells that had lost both their flagella 
were scored as deflagellated (n=4). B Displacement of nuclei to the anterior 
ends of cells induced by 125 mM w-ButOH (right panel) compared with water-
treated controls (left panel). Cells were fixed after 20 min and stained with 
DAPI to visualize the nuclei, that are seen as round, light bodies in the cells. Bar 
= 5 um. C Percentage mating structure activation (MSA) induced by 125 mM 
of each butanol isomer that became visible due to 'ballooning". Mating 
structures that did not balloon were not visible and therefore the data presented 
should be seen as low estimates of the true numbers. 
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A third response in which calcium is thought to be involved, is the protrusion of 

the mating structure through the cell wall between the two flagella. This reaction naturally 

takes place just before sexual cell fusion, but can also be induced by several agents that 

increase the Ca2~ level in the cell. During these treatments the mating structure often 

blows up into a balloon, due to hydrostatic pressure in the cell (Schuring et al. 1990; 

Musgrave et al. 1993; Munnik et al. 1998b). When C. moewusii cells were treated with 

125 mM w-ButOH, nearly 30% of them activated their mating structures, which then 

blew out into balloons. /.vo-ButOH was just as effective, while .vec-ButOH was much less 

active and tert-ButOH was again completely inactive (Fig. 6.3C). 

To exclude the possibility that these effects were caused by permeabilization of 

the plasma membrane, the effect of butanol on the uptake of Evan's Blue was tested. This 

dye does not enter intact cells but does stain permeabilized ones. Therefore C. moewusii 

cells were treated for 30 sec with 125 mM of each butanol isomer and subsequently 

incubated in 0.4% Evan's Blue for 1 min. In a representative experiment, 1.9% of control 

and treated cells were stained blue, indicating that none of the butanol isomers affected the 

integrity of the plasma membrane. Another illustration that cells respond without being 

permeabilized is the fact that they blow their mating structures into balloons. This is due 

to hydrostatic pressure in the cell blowing up the mating structure as it protrudes through 

and loses support of the cell wall. We presume that ballooning is impossible if the plasma 

membrane leaks. 

Butanol isomers release Ca^' from intracellular stores. The Ca2+-dependent responses 

induced by butanol could be caused either by an influx of Ca2+ from the medium, or the 

release of Ca2+ from intracellular stores. Since butanol also caused deflagellation in the 

absence of extracellular calcium (not shown) it was postulated that butanol treatment 

mobilized an internal Ca2+ store. In order to test this hypothesis cells were pre-labelled 

with 45Ca2+ for 5h and subsequently permeabilized with increasing concentrations of 

digitonin for 5 min (Kuin et al. 2000). In low concentrations of digitonin (~20 fi.M), 

plasma membranes will be preferentially permeabilized, but with increasing 

concentrations intracellular membranes also become permeabilized (see Kuin et al. 2000). 

As a consequence, more of the 45Ca2+ pre-loaded into organelles will be released into the 

medium with increasing concentrations of digitonin. As shown in Fig. 6.4A ( • ) 

radioactivity in control cells decreased when plotted against the digitonin concentration. If 

cells are then stimulated to release 45Ca2+ from intracellular stores, the Ca2+-content graph 

is expected to shift to the left (Kuin et al. 2000). When C. moewusii cells were treated 

with 125 mM «-ButOH, a decrease in the amount of 45Ca2+ was measured between 10 
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and 200 uM digitonin (Fig 6.4A; D), indicating that butanol treatment had indeed 
mobilized 4:,Ca2+ from intracellular stores. 

Since the effect was maximal at 50 u;M digitonin, the effect of different butanol 
isomers was tested at this concentration. In Fig. 4B the relative 45Ca2+ content of cells 
treated with 125 mM of each isomer is compared with that of control cells treated with 
just 50(J.M digitonin. The data illustrate that the 45Ca2+-releasing efficacy of each isomer 
was proportional to its ability to activate PLC, PLD and deflagellation (n > iso > sec » 
teri). The correlation between these parameters suggests the following sequence of events: 
butanol activates G-proteins that are coupled to the effector enzymes PLC and PLD. The 
generation of second messengers such as InsP3 and PtdOII releases Ca2+ from intracellular 
stores and the dramatic rise in cytosolic Ca2+ induces deflagellation, nuclear displacement 
and mating structure activation. 
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Fig. 6.4 A,B- Butanol isomers induce the release of i n t r a c e l l u l a r 
calcium from C. tnoewusii ce l l s . A Cells were pre-loaded for 5 h with 4 5Ca2 ' 
and then incubated in different concentrations of digitonin with ( D ) or without 
( • ) 125 mM n-ButOH. After 5 min, cells were fixed and the 45Ca in them was 
determined by liquid scintillation counting. The data are presented as 
percentages of the 5 Ca 2 ' in control cells (n = 8). B Data equivalent to that in 
A were obtained for all the butanol isomers (125 mM). Here only the averages 
for the 50 U.M digitonin points are presented in comparison with the equivalent 
control . 

In C. moewusii, electron-dense vacuoles rich in polyphosphates are the major 
intracellular Ca2+ stores (Siderius et al. 1996). It has been shown that these stores are 
mobilized when cells are treated with mastoparans (Kuin et al. 2000), another group of G-
protein activators that stimulate PLC and PLD in this alga (Munnik et al. 1995, 1998b). 
Since the same 45Ca2+-release procedure was also used in this study, it can be assumed 
that butanol isomers also mobilized 45Ca2+ from these electron-dense bodies. Therefore 
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butanols and mastoparans seem to activate the same signalling pathways and evoke the 
same responses, making them useful tools for activating G-proteins and down-stream 
signalling responses in plants. However, butanols are inexpensive, which could be a 
decisive advantage when large cell masses have to be treated. 

n-ButOH 
iso-ButOH 
sec-ButOH 
tert-ButOH 

P(m/b) 
1.520 
1.100 
0.815 
0.469 

PtdOH 
550 
350 
280 
110 

PtdAlc 
265 
185 
170 
97 

Table 1 Membrane/buffer partitioning coefficients (Pmb) of butanol isomers 
(Mc Creery and Hunt 1978) compared with their abilities to induce PtdOH (see 
Fig. 2A) and PtdAlc (see Fig. 2D) formation in C. moewusii. The concentration 
of each butanol isomer was 125 mM and the concentration of ethanol as 
reporter for PLD activity was 0 .1%. The formation of PtdOH and PtdAlc are 
depicted as percentages of the control, where no butanol was added (see Fig. 2A 
and D). Note that PtdAlc formation is a relative measure of PLD activity and 
combines the formation of PtdEt and PtdBut. 

Although this report has concentrated on butanol isomers as activators of 

PLC/PLD signalling and Ca2+-dependent responses, other alcohols such as ethanol are 
also effective (Schuring et al. 1990: Musgrave et al. 1992; Munnik et al. 1995). In higher 
plants, ethanol causes a variety of responses, for example in tomato as little as 3 mM 
ethanol inhibits ripening and the synthesis of ethylene (Saltveit and Mencarelli 1988) 
while in other species such as blueberries and strawberries, ethanol stimulates fruit 
senescence (Janes and Frenkel 1978a and b). It also inhibits carnation flower and oat leaf 
senescence (Heins 1980: Satler and Thimann 1980). Despite reports of biological activity, 
it was not known how ethanol and other alcohols work. Our report shows that they can 
activate signalling mechanisms which induce downstream responses. In this respect, 
ethanol is particularly interesting, because it is produced by plants themselves and could, 
if accumulated, activate signalling. In practice, plants seldom accumulate milli molar 
concentrations of ethanol, however, roots growing anaerobically. or when forced to 
perform an-aerobic fermentation, accumulate 5-30 mM ethanol (Beaver and Gibbs 1954: 
Crawford and Baines 1977) and pollen, growing on sucrose-rich medium accumulate 100-
360 mM ethanol (Bucher et al. 1995; Scott et al. 1995). Due to partitioning of alcohols in 
membranes, the concentration there might be even higher. Our results indicate that more 
attention should be paid to the possibility that naturally produced alcohols activate lipid 
signalling cascades to evoke the biological responses they indice. 
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