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1. Abstract. 
Dictyostelium discoideum slugs are doubtless the simplest multicellular eukaryotes in which 

classical and molecular genetic approaches to the study of the signal transduction pathways controlli ng 
photomovement are possible. The slugs are formed by chemotactic aggregation of starving amoebae, 
so that it is a simple matter to generate, from clonally-derived mutant cell li nes, hundreds of genetically 
identical multicellular individuals for study. Adding to the already extensive knowledge of the 
unicellular stages of the D. discoideum li fe cycle, classical and molecular genetics have begun to 
unravel transduction of signals controlli ng phototaxis (and thermotaxis) in the slugs. Distributed over 
all seven genetic linkage groups are at least 20, but possibly as many as 55 genes of importance for 
slug behaviour. The encoded proteins appear from pharmacological studies and mutant phenotypes to 
govern transduction pathways involving extracellular cAMP signals and corresponding receptors, 
heterotrimeric and small GTP-binding proteins, the intracellular second messengers cyclic AMP, cyclic 
GMP, Ca2+ and IP3 as well as cytoskeletal proteins such as Actin Binding Protein-120 and myosin II . 
Pathways from the photo- and thermoreceptors converge first with each other and thence with those 
from extracellular tip activation (cyclic AMP) and inhibition (Slug Turning Factor and/or ammonia 
and/or adenosine) signals that control slug movement and morphogenesis. 
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2. Introdu ction. 
The first cellular slime mould, Dictyostelium mucoroides, was discovered by Brefeld in 1869, 

but was initially misclassified with the acellular slime moulds in the belief that the multicellular stage 
was a plasmodium - a unicellular, multinucleate syncitium arising from cell fusion during the 
aggregation of starving amoebae. Only in 1880 was it realized that these organisms exhibit an asexual 
li fe cycle that uniquely involves the formation by aggregation of a truly multicellular organism (Figure 
1), renamed a pseudoplasmodium as a result of its originally mistaken identity (van Tieghem, 1880). 
The species Dictyostelium discoideum was first reported in 1935 by Raper and has since become the 
best known of the cellular slime moulds because of its popularity as a model organism for studies of 
eukaryotic cell and molecular biology. 

Figure 1. Stages in the li fe cycle of 
Dictyostelium discoideum. 

A scanning electron micrograph montage of 
various stages in the li fe cycle is shown. The original 
grey scale image was kindly made available by M.J. 
Grimson and R.L. Blanton, Dept. Biological Sciences, 
Texas Tech University. Amoebae multiply by growth on 
a bacterial food source (ingested by phagocytosis) 
accompanied by mitotic division. When the food source 
is exhausted, starvation induces differentiation to an 
aggregation competent form - amoebae that synthesize, 
secrete and are attracted by cAMP (other slime mould 
species use different attractants). After chemotactic 
aggregation during which amoebae are recruited into the 
aggregate in long streams of cells, a tip forms on the 
aggregation mound and is extended upwards to form a 

finger-like structure that falls onto its side to form the migrating slug. After a variable migration period the tip stops and the 
remainder of the slug is drawn up beneath it to begin culmination. Anterior cells funnel downwards towards the substratum 
and differentiate to form the stalk which, as it forms, is climbed by the other cells to finally form a droplet of spores atop the 
stalk. Each spore is derived from a single amoeba by differentiation and, under suitable conditions such as the presence of a 
bacterial food supply, will germinate to yield a single vegetative amoeba. Excluding the period of migration the whole cycle 
takes about 24 hours - roughly 8 hours to aggregation, 16 hours to slug formation, 24 hours to completion of culmination. 

As described by Raper (1940), the D. discoideum pseudoplasmodium is formed by a 
combination of starvation-induced cell differentiation and complicated morphogenetic movements, 
beginning with chemotactic* aggregation to form a mound of between 104 and 105 cells (Figure 1). 
This is followed by tip formation and upwards extension of the aggregate to form a standing “ finger” 
that falls over and crawls away - the pseudoplasmodium. It migrates at average speeds from 0.2 to 2.0 
mm/h through a slime sheath composed of cellulose and protein which it synthesizes, secretes and 
leaves behind in collapsed form as a trail . This behaviour in combination with its elongated shape, 
lends the organism a superficial resemblance to a garden slug (Figure 2) and has resulted in the modern 
preference for the term “slug”  when referring to it. The slug stage in the li fe cycle, interposed as it is 
between aggregation and culmination, may last from less than an hour to nearly two weeks depending 
on the strain and on conditions such as temperature, humidity, pH and ionic strength. At some variable 
point in time, apparently under the control of the slug tip, migration ceases and a series of complex 
morphogenetic movements leads to fruiting body formation. 

                                                 
*  That aggregation occurs by chemotaxis was demonstrated by  beautiful experiments in which aggregation centres on one side of a 

dialysis membrane were shown to attract aggregation competent amoebae migrating on the opposite side of the membrane (Runyon, 
1942) and cells downstream of an aggregation centre in a slow current migrated towards the centre while upstream cells did not 
(Bonner, 1947). The attractant was identified as cAMP twenty years later (Konijn et al., 1967; 1968). 
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To a first approximation the fruiting body consists of a droplet of spores atop a conical stalk 
mounted on a basal disc. The stalk cells are derived almost entirely from the anterior 20% or so of the 
slug amoebae, the spores from the bulk of the remainder and the basal disc from cells (1-2%) collected 
at the rear of the slug. The slug thus contains three major cell types (the rearguard cells, the prespore 
cells and the anterior, prestalk cells) that are spatially separated in the slug and predestined to form the 
three major morphological features of the fruiting body. This much has been known since the elegant 
experiments of Raper and Bonner who first demonstrated it using tissue transplants on slugs made 
from amoebae that had been colour-tagged with vital stains (Bonner, 1944; Bonner and Sli fkin, 1949) 
or by feeding them differently pigmented bacteria (Raper, 1940). However, more recent analysis of the 
patterns of gene expression and histological staining in slugs and culminants has revealed greater 
underlying complexity - several subclasses of prestalk cells, each with its own distinct spatial 
distribution and morphogenetic fate map, some with representatives scattered through the prespore 
region - the so-called anterior-li ke cells (for a recent review, see Willi ams, 1997). 

The study of photosensory (and thermosensory) responses in Dictyostelium discoideum began 
with the reports by Raper (1940) and Bonner et al. (1950) that the slugs migrate with great precision 
both towards a lateral li ght source (Figure 2) [white light intensities as low as 1 mW/m2 (Poff and 
Häder, 1984)] and towards the warmth in astonishingly shallow temperature gradients [as littl e as 0.04 
oC/cm (Poff and Skokut, 1977)]. In the soil environment these behaviours would take the slug to the 
surface where the drop in humidity and the overhead light would induce culmination ie. fruiting body 
formation (Raper, 1940; Newell et al., 1969; Bonner et al., 1985). Many years were to elapse before 
Donat Häder and colleagues found that the individual postvegetative amoebae also are phototactic 
(Häder and Poff , 1979a,b) and thermotactic (Hong et al., 1983). Even now these responses remain littl e 
studied, despite recent isolation of the putative amoebal photoreceptor (Vornlocher and Häder, 1992; 
Schlenkrich et al., 1995a,b). 

Figure 2. Dictyostelium discoideum 
slugs migrating towards a light 
source. 

The figure [from Figure 2 of Fisher 
(1997)] shows trails of four slugs migrating on 
water agar towards a light source that was to the 
right of the image. Two slugs have already left 
the field of view, one has just entered on the left 
and one is about to leave on the right. Each slug 
is about 1 mm long and migrates at about 1 
mm/hr through an extracellular matrix of 
cellulose and protein which forms a so-called 
slime sheath and which collapses behind it to 
leave a trail . The image was taken by low 
magnification phase contrast microscopy. 

Because slugs are visible to the naked eye and leave slime trails, their phototactic (and 
thermotactic) behaviour (recently reviewed by Bonner, 1994 and Fisher, 1997) is much more 
experimentally tractable than that of the individual amoebae and accordingly has been the subject of 
more intensive research using a combination of behavioural, pharmacological and genetic approaches. 
In the remainder of this article I describe first the key features of slug turning behaviour that have been 
discovered so far and then focus specifically on the pharmacological and genetic analysis of phototaxis. 
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3. Key features of slug turning b ehaviour. 

 

Figure 3. Simple model for Dictyostelium slug phototransduction and thermotransduction 
pathways. 

A lateral view of a slug migrating on a water agar surface is shown. The ªthought bubblesº emanating from the tip 
indicate that the tip controls slug behaviour via the indicated pathways. Signals from photoreceptor and thermoreceptor 
converge early and thence control the concentrations of the intracellular second messengers cAMP, cGMP, Ca2+ and 
possibly IP3. The evidence for inositol polyphosphate (IP3) involvement is the pharmacological effect of Li+ whose target 
could also (or instead) be glycogen synthase kinase 3 (GSK3).  Heterotrimeric G proteins and the small GTP-binding 
protein RasD are involved in transducing the signals. These in turn modulate the tip activation and inhibition signals that 
determine the position of the slug tip. Transient lateral imbalances between tip activation and inhibition induced by this 
means by light and temperature gradients cause temporary lateral shifts in tip position and thence slug turning because the 
slug ªfollows its noseº. Depending upon whether tip activation or inhibition dominates the response the slug turns either 
towards or away from the light source, or up or down the temperature gradient. Sign reversals in slug turning responses 
result from switches in the balance between control by tip activation and inhibition. This explains direction-dependent sign 
reversals in phototaxis that cause bidirectional phototaxis (see text) and temperature-dependent sign reversals in thermotaxis 
that cause movement towards the warmth or the cold depending on the temperature. Tip activation signals are believed to be 
carried by 3-dimensional spiral scroll waves of extracellular cAMP analogous to the 2-dimensional cAMP waves that 
mediate aggregation (see Figure 5). Candidate tip inhibitors are STF (Slug Turning Factor), ammonia and adenosine. 

Most of the key features of signal transduction controlli ng slug phototaxis and thermotaxis, as 
ill ustrated in Figure 3, were proposed more than a decade ago (Fisher et al., 1984) and may be 
summarized as follows: 

·  Dictyostelium slugs sense light and temperature gradients separately. 

·  Photosensory and thermosensory transduction pathways converge early, upstream of most 
signal transduction components which accordingly function to regulate both phototaxis and 
thermotaxis. 

·  Sign reversals in slug turning responses occur in both phototaxis and thermotaxis. 
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·  Slug behaviour is controlled by the slug tip. 

·  Slug turning is mediated by transient, lateral shifts in slug tip position as determined by a 
temporary, local imbalance between the coupled processes of tip autoactivation and 
autoinhibition. Light intensity and temperature gradients across the slug tip cause turning 
responses by altering the balance between tip activation and inhibition, for example by 
stimulating differential production of tip inhibitor. This modulation of the tip 
activation/inhibition system occurs because, after converging, signals from the photoreceptor 
and thermoreceptor interact with the same central components as the tip activation and 
inhibition signals. Sign reversals can be economically explained because the turning behaviour 
of the slug will depend upon whether tip activation or inhibition dominates the response to light 
or temperature gradients. 

·  Tip activation signals are carried by cAMP waves, now known to be scroll -shaped, while tip 
inhibition signals may be borne by one or more of the molecules NH3, adenosine and the 
originally proposed Slug Turning Factor (STF). The inhibition signals may act primarily by 
influencing the pacemaker frequency associated with the cAMP waves. 

·  The central signal transduction components include second messengers (cAMP, inositol 
polyphosphates and the originally proposed cGMP and Ca2+) along with associated proteins, as 
well as signalli ng proteins (including heterotrimeric and small GTP-binding proteins) and 
cytoskeletal proteins (including ABP120). Recent work has shown that the mitochondria may 
also be involved. The grouping of these various components into a single central box in Figure 
3 reflects the fact that it has not yet been determined exactly how they interact with one another. 
For some of these the evidence that they play a role is pharmacological (inositol polyphosphates 
and Ca2+), but for most there is genetic evidence (ie. based on mutant phenotypes) that they are 
essential for normal slug behaviour. For this reason the number and identities of the central 
signal transduction components are discussed separately in the section on genetic analysis. 

I now examine each of these key features in more detail . 

3.1. Dictyostelium slugs sense light and temperature gradients 
separately 

In view of the extreme sensitivity of slugs to thermal gradients, one possible explanation of 
slug phototaxis was that it resulted from thermotactic responses to local warming. Slug phototaxis 
should therefore have been most sensitive to far red and infrared light where local warming would be 
most effective. However, in 1964 David Francis reported an action spectrum for slug phototaxis that 
disproved this - slug phototaxis was most sensitive to blue light (around 430 nm) and exhibited a 
second broad peak of sensitivity to longer wavelengths (around 550-600 nm). The spectrum was 
elegantly confirmed by Poff et al. (1973) by measuring the angle of deviation of the migrating slug 
paths from a line bisecting the directions towards two lateral li ght sources of different wavelengths. 
Since then, photobiologically rigorous fluence-response curves for slug phototaxis have been obtained 
with light of many different wavelengths and used to determine the slug phototaxis action spectrum 
more accurately (Poff and H� der, 1984). As a result the blue light peak was resolved into two peaks at 
420 nm and 440 nm, while the broad peak at longer wavelengths was resolved into peaks at 560 nm 
and 610 nm. The fluence response curves also confirmed that phototaxis occurred at light intensities so 
low that local warming would be insuff icient to create thermal gradients detectable even by 
Dictyostelium slugs. Using the action spectra as a guide, Ken Poff and colleagues isolated a putative 
photoreceptor for slug phototaxis - a haem protein whose absorption and photooxidation action spectra 
were similar to the slug phototaxis action spectrum (Poff et al., 1973, 1974; Poff and Butler, 1974). 
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Further evidence that phototaxis does not result from thermotactic turns towards the slug’s 
warmer side came from demonstration that phototaxis relies on a lens effect - light refracted at the 
roughly cylindrical surface of the slug is focused onto its distal side, so that when a slug turns towards 
a lateral li ght source, it is turning away from its most intensely ill uminated side! The evidence that this 
is so came from three kinds of experiments, again beginning with the pioneering work of David 
Francis (Francis, 1964): 

1. When vertical beams of light were used to ill uminate one side of the slug tip, the slug turned away 
from the ill uminated side (Francis, 1964; Poff and Loomis, 1973; H� der and Burkart, 1983). 

2. Because of the high refractive index of mineral oil , light rays refracted at the surface of a slug 
immersed in it would diverge rather converge. Slugs treated in this manner exhibited negative 
phototaxis, turning away from instead of towards the light source (Bonner and Whitfield, 1965). 

3. When slugs were stained heavily with neutral red, so that the light was absorbed on their proximal 
sides rather than focused onto their distal sides, they migrated away from the light source rather than 
towards it (H� der and Burkart, 1983; Wall raff and Wall raff , 1997). In the UV range, slugs are 
negatively phototactic because strong absorption of the light defeats the lens effect (H� der, 1985). 

Separate photosensing and thermosensing by Dictyostelium slugs was verified genetically by 
the isolation of mutants defective in phototaxis but unaffected in positive thermotaxis (Poff and 
Skokut, 1977) and vice versa (Darcy et al., 1994a). 

3.2. Photosensory and thermosensory transduction p athways 
converge early 

Although light and warmth are sensed separately, the signal transduction pathways converge 
early. This conclusion was originally based on the fact that metabolites (Slug Turning Factor, STF) 
secreted by the amoebae at high cell density (Fisher et al., 1981), several pharmacological agents 
(Dohrmann et al., 1984) and independent mutations (Fisher and Willi ams, 1982) that impair phototaxis 
also perturb positive thermotaxis and vice versa (Schneider et al., 1982). It has since been verified 
manifold by the effects of additional pharmacological agents on both phototaxis and thermotaxis 
(Darcy and Fisher, 1989;1990), by detailed genetic and phenotypic analysis of a large collection of 
mutants (Darcy et al., 1993; 1994a), and by the discovery of cGMP responses to both light and heat 
stimuli that are altered in many mutants (Darcy et al., 1994b). Classical genetics has identified on the 
seven Dictyostelium genetic linkage groups about a dozen genes (from an estimated total of around 20) 
that, when mutant, cause deficient slug phototaxis (Darcy et al., 1993, 1994a; Fisher et al., 1997; 
Wall raff and Wall raff , 1997). All but one (Poff and Skokut, 1977) of the reported phototaxis mutations 
affect thermotaxis as well and the genetic analysis confirmed that both phenotypes almost always map 
to the same linkage group. In only a single mutant (from more than 20 that have been genetically 
analysed) is there evidence that the two phenotypes may have arisen from two independent mutations 
in different genetic loci.  In three cases (phoE on linkage group III †, phoJ on linkage group IV†, phoK 
on linkage group V†) it has been verified by complementation tests involving independent mutant 
alleles of the same locus that the thermotaxis and phototaxis phenotypes are caused by the same 
mutation (Darcy et al., 1993, 1994a). 

                                                 
† The present physical map of the D. discoideum genome includes 6 chromosomes. Except for linkage group VII (chromosome 5) and 

linkage group V (not assigned to a physical chromosome) there is a one-to-one correspondence between the numbering of the genetic 
linkage groups (Roman numerals) and the physical chromosomes (Arabic numerals) (Loomis et al., 1995; Kuspa and Loomis, 1996)). 
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3.3. Sign reversals in slug turning respon ses occur in bo th 
pho totaxis and thermotaxis 

Until the early 1980s orientation by slugs either in response to a lateral li ght source or to 
temperature gradients was believed simply to consist of positive taxis. Then in 1980 Whitaker and Poff 
reported the unexpected finding that at temperatures several degrees below the growth temperature 
slugs migrate towards the cold (negative thermotaxis). The temperature at which the transition from 
positive to negative thermotaxis occurred was dependent on the temperature to which the amoebae had 
been exposed during growth. Fisher and Willi ams (1982) confirmed this behaviour and found as well 
that at temperatures above the growth temperature the accuracy of thermotaxis similarly declined until , 
in mutants and also in wildtype slugs under certain conditions (Dohrmann et al., 1984), a transition to 
negative thermotaxis occurred. 

Although slugs migrate away from ultraviolet light (H� der, 1985), negative phototaxis by slugs 
in response to light in the visible range has not been reported except in the special case where the slugs 
have been heavily stained (see earlier). However, Fisher and Willi ams (1981a) found that slug 
phototaxis is actually bidirectional in that slugs migrate not directly towards the light, but at an angle 
(+a) either side of the direction towards the light source (Figure 4). This happens because slugs whose 
current direction of travel is at an angle less than +a subsequently turn away from the light, while those 
whose current direction of travel is at an angle greater than +a turn towards the light. The angle at 
which the transition occurs becomes the preferred direction of travel (+a). Thus slug turning behaviour 
in both thermotaxis and phototaxis is characterized by sign reversals that depend on temperature in 
thermotaxis, and on the direction of migration in phototaxis (Fisher and Willi ams, 1981a). 

Figure 4. Bidirectional phototaxis by Dictyostelium 
discoideum slugs. 

Modified from Figure 2 of Fisher et al. (1984). The effects on 
bidirectional phototaxis on water agar of mutations (wildtype X22 versus 
mutants HU410 and HU120) and environmental conditions (X22 at low 
density versus high density or with EGTA). Digitized trails were plotted 
so that the light source was to the right of the Figure. In each case slug 
trails are plotted from a common origin although in reality slugs were 
formed and migrated from centres scattered over the 1 cm2 area onto 
which starving cells were spread initially at the indicated cell densities. 
In wildtype X22 slugs at low density without EGTA bidirectional 
phototaxis is not observable because the two preferred directions (+a) 
are too close together. Bidirectional phototaxis is evident in the mutants, 
in the presence of EGTA and at high cell densities (close to the origin) 
because a is greater under these conditions. 

In wildtype slugs under most conditions a is suff iciently small that bidirectional phototaxis is 
indistinguishable from unidirectional phototaxis towards the light. However, as ill ustrated in Figure 4, 
it is more evident (because a is greater) in mutants (Fisher and Willi ams, 1981a; Darcy et al., 1994), in 
the presence of f luoride ions (Dohrmann et al., 1984), EGTA (a Ca2+ chelator) (Dohrmann et al., 1984) 
or metabolites (Slug Turning Factor - see below) excreted during slug formation at high cell densities 
(Fisher and Willi ams, 1981a; Darcy et al., 1994). In general these same factors caused shifts towards 
the growth temperature of the transition temperatures at which sign reversals occur in thermotaxis, the 
exception being fluoride ions which shifted transition temperatures away from the growth temperature. 
Any model of photosensory and thermosensory signal transduction in slugs must include an 
explanation of these sign reversals. 
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3.4. Slug b ehaviour is controlled by the slug tip 

That the slug tip controls slug behaviour and polarity was first shown by Raper nearly 60 years 
ago (Raper, 1940). Thus removal of the tip or of  small amounts of tissue from it caused migration to 
cease until an intact tip was reestablished, whereas an excised tip was able to continue migration on its 
own in an unimpeded fashion. Control by the slug tip was confirmed specifically for phototaxis by 
demonstration that slugs respond to vertical microbeams of light only if they are shone on the tip (Poff 
and Loomis, 1973; H� der and Burkart, 1983). Tip transplants between slugs of a wildtype strain and a 
phototaxis mutant showed that phototaxis was wildtype if the tip was wildtype and vice versa (Fisher 
et al., 1984). 

Since almost all reported mutations causing impaired phototaxis also result in thermotaxis 
deficiencies (Fisher and Willi ams, 1982; Fisher et al., 1984; Darcy et al., 1993;1994a), it had always 
been assumed that thermotaxis, li ke phototaxis and morphogenesis in general, would also be tip-
controlled. However Hashimoto and Matsui (1988) reported a curious result from tip transplants 
between slugs formed from amoebae grown at 19oC and 25oC. At 20oC the former slugs (ª+º slugs) 
were positively thermotactic, while the latter (ª-º slugs) were negatively thermotactic as expected from 
the original report of negative thermotaxis and thermal adaptation by Whitaker and Poff (1980). 
Contrary to expectation, in heterologous transplants the presence of either a tip or a tail from a ª-º slug 
resulted in negative thermotaxis. One possible explanation is that in the heterologous transplants, cells 
from the tails of ª-º slugs take over the tip and thereby control the behaviour. Another possibilit y is 
that the tip obtains its information about the growth temperature from a global signal emanating from 
the ª-º cells irrespective of their location in the slug. The results of Hashimoto and Matsui (1988), 
while unexpected, are thus not incompatible with tip control of thermotactic behaviour. 

3.5. Slug turning is mediated by modu lation o f the coup led 
processes of t ip autoactivation and autoinhibition 

The idea that slug turning might be mediated by coupled tip autoactivation and autoinhibition 
was first proposed by Hans Meinhardt (1983) who inferred it from the spontaneous formation of tips in 
Dictyostelium aggregates and the subsequent generation of slugs with clear tip/body polarity (Raper, 
1940)‡. Matching the observed morphological polarity of slugs in the form of the tip/body pattern is a 
very pronounced behavioural polarity - the slug follows where the tip leads and in the absence of 
external directional stimuli tends to persist migrating in the original, randomly chosen direction (Fisher 
et al., 1983). Linked autocatalytic and inhibitory pathways are a general and necessary feature of 
physical, chemical and biological systems that spontaneously form such patterns from macroscopically 
homogeneous starting conditions. In Dictyostelium slugs, direct experimental evidence for tip to tail 
gradients of both tip inhibition and activation was obtained from experiments in which secondary tip 
formation was scored after transplantation of tissue to and from different points along the slug length 
(Durston, 1976; Durston and Vork, 1977; MacWilli ams, 1982). Kopachik (1982a) verified the 
secretion by aggregates of a tip inhibitor and showed that it is a small molecule able to diffuse through 
a dialysis membrane. While tip inhibition signals may be carried by global concentration gradients of 
tip inhibitor, the tip activation signal is almost certainly encoded in spatiotemporal cAMP waves (see 
below). 

Slug turning behaviour during phototaxis and thermotaxis can be explained if light or 
temperature gradients induce lateral differences in tip activation or inhibition signals. According to this 
view, slug turning is a consequence of small l ateral shifts in tip position that are induced during 
photosensory or thermosensory transduction by modulation of the tip activation/inhibition system. As 

                                                 
‡ It should be noted that the polarity spoken of here is influenced by but is not equivalent to the spatial patterns of cell types controlled 

by cell cycle position at the onset of starvation, cell sorting and morphogens such as DIF (reviewed by Loomis, 1993). 
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explained in detail by Fisher et al. in 1984, one prediction of this activation/inhibition model for slug 
polarity and behaviour is that slugs would turn towards or away from light or heat, depending on 
whether tip activation or inhibition dominated the response. In thermotaxis this would depend upon the 
temperature so that close to the growth temperature tip activation on the warm side of the slug would 
cause positive thermotaxis. At temperatures where negative thermotaxis occurs, tip inhibition on the 
warm side would result in slugs turning towards the cold. In phototaxis, the lens effect focuses light 
onto the distal side of the slug tip and the focusing advantage increases with the angle of deviation 
from the direction towards the light. At large angles, tip inhibition on the distal side would result in 
turns towards the light, but at low angles with small focusing advantage tip activation on the distal side 
would cause slugs to turn away from the light. The activation/inhibition model thus provides an 
economical explanation for the observed sign reversals in slug turning behaviour during phototaxis and 
thermotaxis. 

An alternative model for slug turning based on differential speeds has also been proposed. The 
idea is that turning results from a tractor mechanism in which cells on one side of the slug move 
forward faster than cells on the other side. Provided that the cells retain their relative positions this 
would result in a turn. The original evidence for this mechanism came from experiments suggesting, 
contrary to earlier work (Raper, 1940; Francis, 1964; Bonner and Whitfield, 1965), that the average 
speed of migrating slugs was greater in the light than in the dark (Poff and Loomis, 1973). However, 
more detailed quantitative studies showed that average slug speed is in fact unaffected by light, by 
temperature gradients or by STF (Slug Turning Factor), a slug repellent and candidate tip inhibitor 
(Fisher et al., 1981; Smith et al., 1982). More recently it has been reported that slugs (and aggregating 
cells) migrate faster in the presence of optimal concentrations of NH3, also a slug repellent (Bonner et 
al., 1986; Feit and Sollitt o, 1987; Kosugi and Inouye, 1989) and candidate tip inhibitor controlli ng slug 
orientation (Bonner et al., 1988; 1989). Miura and Siegert (unpublished data) recently revisited the 
question. In some very elegant time-lapse filming experiments they found (unexpectedly) that slugs 
slow down in the presence of ammonia. Be that as it may, the effects of ammonia on slug speed can 
provide only indirect evidence for a differential speeds mechanism for slug turning in phototaxis. 
Miura and Siegert therefore filmed slugs during phototaxis. They found that slugs turned towards the 
light within a few minutes and later, after a delay of at least 20 minutes, accelerated (first the tip, later 
the rear) and elongated§. These results refute a differential speeds hypothesis for turning, since the 
acceleration occurred only after the turn. 

Additional diff iculties for the tractor mechanism of slug turning are posed by the fact that in the 
slug tip where turns are initiated, the cells rotate around the slug axis at right angles to the direction of 
slug movement (Figure 5) and they can and do change their relative positions (Siegert and Weijer, 
1992). Takahashi et al. (1997) reported time lapse video evidence that during slug turns the tip cells 
change their relative positions in a manner consistent with the tip-shifting and not the differential 
speeds hypothesis. Miura and Siegert (unpublished data) found changes in the motion and relative 
positions of tip cells during phototactic turns that were suggestive of changes in the geometry of the tip 
activation signal (twisting of the scroll wave) and consistent with the tip-shifting hypothesis. Recently 
Bonner (1998) found a way to make flat (one cell thick) slugs at a glass-mineral oil i nterface thus 
allowing him to observe the movement of the individual cells in the slug. Consistent with the tip-
shifting hypothesis, he found that turns are not associated with speed differences between amoebae on 
the two sides of the slug, but with lateral shifting of the ªhigh pointº around and towards which the 
active motilit y by the anterior cells is directed. The ªhigh pointº was recognizable as the region of 
highest cell motilit y in these two-dimensional slugs. 

                                                 
§ Because it was accompanied by an increase in slug length, this acceleration during phototaxis may have been obscured in earlier studies 

by the corrections that were made for slug size. These corrections were necessary because larger, longer slugs migrate faster. 
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Figure 5. Cell movement and signal propagation in Dictyostelium 
discoideum slugs. 

Modified from panels A and B of Plate 8 from Siegert and Weijer (1997). Original 
colour image kindly provided by F. Siegert, Ludwig Maximili ans University, Munich. 
A. Side view of a neutral red stained slug with arrows indicating the overall direction 
of cell movement as observed by tracking neutral red stained vesicles in the cells. B. A 
model showing the mode of signal propagation that explains the observed pattern of 
cell movement. Shown are the scroll wave in the tip rotating counter to the direction of 
movement of the cells, the twisting of the scroll wave at the rear of the tip region and 
its conversion into a train of planar waves propagating rearwards through the rest of the 
slug. 

3.6. Tip activation signals are carr ied by cAMP waves, while the tip 
inhibitor may be NH3, adenosine and/or Slug Turning Factor 
(STF) 

3.6.1. The tip activation signal 

The idea that tip autoactivation might be mediated by cAMP signals was always very attractive 
because cAMP stimulates its own synthesis and secretion in aggregating cells. By 1983 when 
Meinhardt elaborated the tip activation/inhibition model for Dictyostelium morphogenesis, there was 
already a great deal of evidence that cAMP waves analogous to those seen during aggregation might 
carry the tip activation signal controlli ng slug polarity and behaviour. Thus it was known that slug tips 
secrete cAMP (Rubin and Robertson, 1975; Rubin, 1976) and by that means can attract aggregation 
competent cells (Bonner, 1949), that slugs have cAMP receptors, adenylyl cyclase and cAMP 
phosphodiesterase (Henderson, 1975; Rutherford et al., 1982), that there is an overall ti p to tail 
gradient of cAMP in slugs (Pan et al., 1974; Brenner, 1977), that anterior cells sort chemotactically to 
slug tips and to regions of higher cAMP concentration (Maeda, 1977; Sternfeld and David, 1981; 
Kopachik, 1982b; Matsukama and Durston, 1979), that files of slug cells move in a pulsatile fashion in 
three dimensional spirals analogous to the two dimensional spiral waves seen in aggregation (Durston 
and Vork, 1979; Clark and Steck, 1979; Clark et al., 1980), that high cAMP concentrations cause slugs 
to lose polarity and disintegrate into smaller aggregates (Nestle and Sussman, 1972; George, 1977) and 
that a mutant, temperature sensitive for chemotactic aggregation, was also impaired in slug tip 
formation when shifted to the restrictive temperature (Barclay and Henderson, 1982). Since then these 
early observations have been confirmed and extended, while much of the molecular detail has been 
fill ed in with the cloning of genes that encode many of the proteins involved in transducing cAMP 
signals (recent reviewers include Gross, 1994; Firtel, 1995; Willi ams, 1995; Reymond et al., 1995; van 
Haastert, 1995; Loomis, 1996 and Kim et al., 1996). 

Recent studies of the role of putative cAMP waves in controlli ng slug morphogenesis were 
those of Siegert and Weijer and colleagues who showed that rotating waves of cell movement occur 
both in mounds during tip formation and subsequently in the tips of migrating slugs (Rietdorf et al., 
1996; Siegert and Weijer, 1992). As ill ustrated in Figure 5, cells in the slug anterior rotated around the 
tip axis as if responding to a three-dimensional scroll wave, while cells in the rear (prespore) region 
moved forward in the direction of slug migration in a periodic fashion as if responding to planar, 
rearward propagating waves (Siegert and Weijer, 1992). Slug models based on the properties of the 
cAMP signal relay system of aggregating cells were shown to be able to generate the observed 
behaviour if there was a tip to tail step gradient in the excitabilit y of the cells at the prestalk/prespore 
boundary (Steinbock et al., 1993; Bretschneider et al., 1995). Siegert and Weijer with their colleagues 
recently reported that microinjection of cAMP pulses into tips could generate optical density waves 
that interact with the natural waves annihilating them (Siegert and Weijer, 1997). This is the first direct 
in vivo evidence that the waves are in fact cAMP mediated. Several known inhibitors of cAMP signal 
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relay in aggregating cells were shown by Darcy and Fisher (1990) to impair slug phototaxis and 
thermotaxis, providing in vivo evidence that these behaviours are indeed controlled by cAMP signals 
analogous to those that drive aggregation. Genetic confirmation of the role of extracellular cAMP 
signals was provided by demonstration of the importance of the CAR3 and CAR4 cAMP receptors (see 
later). 

3.6.2. The tip inhibitors 

Slug turning in phototaxis or thermotaxis can be explained by differential tip activation and/or 
inhibitor secretion across the slug tip in response to light or temperature gradients. Fisher et al. (1981) 
reported the isolation in crude extracts of a small (<500 Mw) molecule (Slug Turning Factor, STF) with 
the properties expected of the slug tip inhibitor in phototaxis - a slug repellent whose secretion is 
stimulated by light and which impairs phototaxis (and thermotaxis) at high, uniform concentrations. 
Thus STF is a candidate tip inhibitor. Similar reasoning and analogous results led Bonner and 
coworkers to conclude that ammonia played an equivalent role to that proposed for STF in slug 
phototaxis (Bonner et al., 1988) and thermotaxis (Bonner et al., 1989). It had been known for many 
years that culminating fruiting bodies use gradients of a gaseous repellent to orient away from each 
other and the substratum, and towards a mound of activated charcoal (Bonner and Dodd, 1962). The 
identity of this gas as NH3 was indicated by the demonstration that ammonia is a repellent of slugs and 
culminating fruiting bodies (Bonner et al., 1986; Feit and Sollitt o, 1987; Kosugi and Inouye; 1989; 
Bonner, 1993). Because other small amines also act as slug repellents, it is possible that the action of 
NH3 is mediated by alkalinization of an intracellular compartment (Kosugi and Inouye, 1989). The fact 
that slugs will orient towards the acid side of very steep pH gradients may be consistent with this 
(Bonner et al., 1985). However Schaap et al. (1995) observed transient inhibition by ammonia and 
long term inhibition by weak acids of adenylyl cyclase activity, results that are not consistent in a 
simple way with an alkalinization mechanism for some of the actions of ammonia. As well as 
perturbing signal relay and morphogenesis (Willi ams et al., 1984; Siegert and Weijer, 1989), ammonia 
antagonizes cAMP binding to its receptor (van Haastert, 1985) so that its action might be more directly 
on the cAMP waves carrying the tip activation signal. 

Although there is agreement that ammonia functions as a slug tip inhibitor controlli ng barrier 
avoidance by slugs and culminating fruiting bodies, a specific role for it in phototaxis and thermotaxis 
has been questioned (Fisher, 1991). To account for slug phototaxis and thermotaxis, light and 
temperature gradients must induce across the slug tip sustained gradients of tip inhibitor that are 
suff icient to cause turning. The secreted inhibitor must thereby form biologically significant 
concentration gradients in (STF) or around (NH3) the slug tip. Slugs formed at high cell densities 
should accordingly be disoriented during phototaxis by the presence in the surrounding agar (STF) or 
air (NH3) of high concentrations of these tip inhibitors. It has been shown that disorientation of slugs 
during phototaxis at high cell densities does occur but is entirely due to STF, with no contribution from 
NH3 (Fisher, 1991).  

Because of the very rapid diffusion of gaseous NH3 (15 msecs to diffuse an average distance 
equal to the width of a slug), only steady state gradients maintained by sustained differences in 
secretion could work. An average slug secretes a total of 2-20 fmol of NH3 per second (Bonner et al., 
1988), suff icient only to maintain a steady state gradient in air which is 10 to 100 fold shallower 
(Fisher, 1991) than the minimum that slugs can detect in chemotaxis (Kosugi and Inouye, 1989). 
Achievable steady state gradients would actually be even shallower, because the differences in 
secretion on opposite sides of the slug tip can only be a fraction of the total. It seems that lateral 
ammonia gradients leading to slug turns may be of significance only when free diffusion of the gas is 
restricted by close proximity of a barrier. 
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Haser and H� der (1992) reported that individual slug paths are straighter during phototaxis and 
during migration in darkness if activated charcoal is present in the agar or in the lid of the Petri dish. 
However, the global pattern of slug migration was littl e affected by the charcoal, apart from a relatively 
small difference attributable to the different optical properties of charcoal and water agar (Fisher and 
Willi ams, 1981b). A major influence on the small scale straightness of slug trails is the time frequency 
and magnitude of spontaneous turning events combined with the speed of migration (Fisher et al., 
1983). If slug migration is slower, trails appear less straight because spontaneous turns are compressed 
into shorter distances. The straighter trails on charcoal agar could be due partly to the fact that slugs 
migrate 30-60% faster when activated charcoal is present in the agar (Smith et al., 1982). It is unknown 
if activated charcoal in the lid has the same effect on speed as when it is in the agar. In any case the 
results of Haser and H� der suggest charcoal adsorption of a volatile metabolite that either slows slug 
migration or increases the spontaneous turning rate. In both cases, it should be noted, the effect is the 
opposite of what might have been expected for adsorption of NH3 in its role as tip inhibitor. Similarly 
surprising is the fact that if slugs are placed in a gentle air stream, they migrate downwind  (Haser and 
H� der, 1992) not upwind as might have been expected to occur because of ammonia accumulation on 
the downwind side. The directional migration of slugs under the influence of gases clearly exhibits 
some as yet poorly understood features. 

The third molecule that has been considered as a possible tip inhibitor controlli ng phototaxis is 
adenosine (Schaap and Wang, 1986; Darcy and Fisher, 1990). It is an antagonist of cAMP signaling 
whose synthesis is coupled to cAMP by virtue of it being a product of cAMP hydrolysis by 
phosphodiesterase and 5’ -nucleotidase (Newell , 1982; Newell and Ross, 1982; Theibert and Devreotes, 
1984). Adenosine impairs slug phototaxis and thermotaxis at concentrations consistent with the Kd (~ 
350 mM) of the abundant low aff inity adenosine binding sites in Dictyostelium membranes (van 
Haastert, 1983; Darcy and Fisher, 1990). This supports the suggestion that adenosine has a 
morphogenetic role in slugs opposing that of cAMP (Schaap and Wang, 1986). However the 
concentrations at which it is active are significantly higher than those at which STF is active, so that it 
may not be the authentic tip inhibitor controlli ng phototaxis (Darcy and Fisher, 1990). 

Whichever of the candidate tip inhibitors (one or more) proves to play the definitive role in slug 
phototaxis and thermotaxis, it must do so by modulating the twisted scroll waves of cAMP in the tip. 
One possible mechanism would be that the inhibitor causes a lateral gradient in excitabilit y resulting in 
an altered morphology for the wave with lateral twisting or bending of the wave filament. Recent 
observations by Miura and Siegert (1998) on cell movements in the tip during slug turning in 
phototaxis are consistent with altered signal geometry. 

3.7. The central signal transduction compon ents in pho totaxis and 
thermotaxis are shared with other signalli ng p athways 
controlli ng morphog enesis 

Except for STF, which has been littl e studied, a great deal of evidence has accumulated that the 
candidate tip activator (extracellular cAMP) and inhibitor (ammonia and adenosine) molecules 
controlli ng phototaxis and thermotaxis are important morphogens regulating the behaviour and 
differentiation of individual cells in the multicellular stages of the Dictyostelium li fe cycle (for a recent 
review, see Gross, 1994). If slug turning behaviour is indeed mediated by modulation of the tip 
autoactivation/inhibition system and lateral shifts in tip position, then the central signalli ng molecules 
in phototaxis should be common to behaviour and morphogenesis. Direct genetic evidence for this was 
obtained by Darcy et al. (1993, 1994) who found that many phototaxis-deficient mutants exhibited one 
of two major abnormaliti es in fruiting body formation - either the formation of stumpy fruiting bodies 
with littl e or no stalk, or of multiply tipped culminants with several stalks but few if any spores. Since 
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the prestalk cells reside in the tip, these phenotypes are suggestive respectively of impaired tip 
activation and inhibition pathways. 

Identification of the central signalli ng molecules involved in these pathways requires in vivo 
perturbation of the activities or concentrations of the molecules concerned. This can be done either 
pharmacologically by observing the effects of (hopefully) specific inhibitors, or genetically by 
observing the effects of specific mutations. Both approaches have been used in the study of 
Dictyostelium slug phototaxis and the results confirm that many of the central signalli ng molecules 
involved in phototaxis and thermotaxis are also important for normal multicellular morphogenesis. In 
the following sections I summarize pharmacological and genetic evidence for the identities of central 
signalli ng molecules in slug behaviour that so far indicates roles for the cAMP receptors CAR3 and 
CAR4, the heterotrimeric G proteins Ga1bg, Ga4bg, Ga7bg and Ga8bg, the small GTP binding protein 
RasD, the signalli ng protein glycogen synthase kinase 3 (GSK3), the second messengers Ca2+, cAMP, 
cGMP and inositol polyphosphates along with associated proteins, the cytoskeletal protein ABP-120 
and the mitochondria. 

4. Pharmacolog ical analysis 
Pharmacological data has been used to support postulated roles in phototaxis for extracellular 

cAMP signals, for heterotrimeric G proteins and for the intracellular second messengers Ca2+ and 
inositol polyphosphates. Thus, Darcy and Fisher (1990) reported that phototaxis (and thermotaxis) are 
impaired by agents that perturb extracellular cAMP signalli ng, namely ammonium salts, caffeine, 
adenosine and the slowly hydrolysable cAMP analogue, cAMPS. The conclusion that extracellular 
cAMP signals participate in the control of slug phototaxis has since been further supported by the 
phenotypes of mutants lacking the CAR3 or CAR4 cAMP receptors (see below). 

In support of a role for heterotrimeric G proteins, Darcy and Fisher (1989) found that slug 
phototaxis is impaired by pertussis toxin which specifically ADP-ribosylates and inactivates some 
classes of G-protein a subunit. Dohrmann et al. (1984) also reported that fluoride ions have dramatic 
effects on slug behaviour and, by analogy with other organisms, suggested adenylyl cyclase as the 
possible target. In fact, with hindsight it is clear that the cyclase in other organisms is not the direct 
target, but the G-protein a subunit which activates it. Presumably, one or more G-proteins are the 
targets for fluoride ions in phototaxis. Deranged phototaxis in specific Dictyostelium G-protein 
mutants has now confirmed  that these proteins play essential roles in slug behaviour (see later). 

As evidence for a role for Ca2+ signalli ng, Dohrmann et al. (1984) reported the detrimental 
effects of EGTA (Ca2+ chelator) and addition of extra Ca2+ on slug phototaxis and thermotaxis. This 
conclusion remains reasonable, especially since the slug tips do exhibit high levels of intracellular 
membrane-associated and free Ca2+ as well as unusual rotating Ca2+ waves (Maeda and Maeda, 1973; 
Tirlapur et al., 1991; Saran et al., 1994; Cubitt et al., 1995). 

Darcy and Fisher (1989) reported pharmacological evidence from the inhibitory effects of 
lithium ions that inositol polyphosphate signalli ng may play a central role in phototaxis and 
thermotaxis. At the time it was widely believed that several enzymes involved in inositol 
polyphosphate metabolism were the relevant physiological targets for Li+ in both mammalian cells and 
in Dictyostelium. Indeed the half-maximal effect of Li+ on slug behaviour occurred at concentrations as 
low as 0.25 mM, which compared well with the observed half-maximal inhibition of several 
Dictyostelium inositol polyphosphate phosphatases at Li+ concentrations from 0.24 mM (Ins(1,4,5)P3 
phosphatase) to 2.5 mM (van Lookeren Campagne et al., 1988). When the gene encoding 
phospholipase C (whose activity liberates Ins(1,4,5)P3) was disrupted (Drayer et al., 1994), phototaxis 
and thermotaxis were unaffected, suggesting that the Li+ effects may not have resulted from perturbed 
inositol polyphosphate metabolism after all (Fraser and Fisher, unpublished). However there are 
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alternative phospholipase C-independent routes for Ins(1,4,5)P3 production and other inositol 
polyphosphates also are known to play signalli ng roles (van Dijken et al., 1996). Nonetheless, recent 
work in Dictyostelium and in other organisms suggests that glycogen synthase kinase 3 (GSK3) may in 
fact be the relevant biological target for Li+, not inositol polyphosphatases as originally thought 
(Hedgepeth et al., 1997). This means that until appropriate mutants have been tested, both the inositol 
polyphosphatases and GSK3 must be considered as potentially relevant targets for Li+ in phototaxis. 

5. Genetic analysis 
Although pharmacological analysis has proved useful as a means of in vivo perturbation of the 

activities of potentially relevant signalli ng molecules in phototaxis, it has suffered from unavoidable 
uncertainties regarding drug access and specificity. This problem is less acute in genetic analysis based 
on the study of mutant phenotypes. As described below, both classical and molecular genetic 
techniques have been brought to bear on the functional dissection**  of the signalli ng pathways involved 
in Dictyostelium slug behaviour. 

5.1. Class ical genetics  

From the early 70s through to the late 80s a range of classical genetic techniques and markers 
were developed for D. discoideum based on the parasexual genetic cycle in which diploids (14 genetic 
linkage groups) resulting from rare fusion of haploid cells are selected and subsequently haploidized to 
yield progeny bearing new assortments of parental li nkage groups (Welker and Willi ams, 1982; 
Loomis, 1987). This allows straightforward assignment of mutant genes to linkage groups because 
markers on different linkage groups reassort (segregate) into haploid progeny independently of each 
other. The diploids are suff iciently stable that their phenotypes can be studied in complementation 
tests, allowing assignment of mutant alleles to loci. Ordering of markers on chromosomes is possible 
(but tedious) based on the low frequency of mitotic crossing over in the diploid state. Large scale 
chromosome rearrangements also occur and can be detected genetically (Welker and Willi ams, 1981; 
1985; Willi ams et al., 1980; Welker et al., 1982). Diploids homozygous at all l oci and isogenic to 
corresponding haploids can be isolated and studied to determine the effect of the diploid state per se on 
particular phenotypes (Welker and Willi ams, 1980). 

5.1.1. Isolation and phenotypic characterization of phototaxis mutants. 

Although the first phototaxis deficient (Pho-) mutant was reported in 1970 (Loomis, 1970) and others 
were isolated and studied phenotypically in the early 80s (Fisher and Willi ams, 1981a; 1982; Schneider 
et al., 1982), the first systematic genetic study of phototaxis was reported only recently (Darcy et al., 
1993; 1994a). Over 20 mutants were characterized phenotypically in relation to phototactic and 
thermotactic behaviour, morphological defects and the newly discovered cGMP responses to light and 
warmth (Table 1) (Darcy et al., 1994b). All but one of the phototaxis mutants reported to date have 
been impaired in positive thermotaxis as well , demonstrating early convergence of the signal 
transduction pathways from the photoreceptor and thermoreceptor (Figure 6). Two thermotaxis 
mutants isolated after chemical mutagenesis have been reported to be unaltered in phototaxis. One fails 
to exhibit negative thermotaxis at low temperatures (Schneider et al., 1982), while the other shows the 
more commonly observed defect in positive thermotaxis at temperatures around the growth 
temperature (Darcy et al., 1994a). The latter mutant, HPF228, and a carC disruptant (see later) are the 
                                                 
**  For the purposes of genetic analysis, a phototaxis gene is operationally defined as one that encodes a product whose activity at 

wildtype levels is necessary for normal phototaxis. This necessarily pragmatic definition clearly includes genes whose importance for 
phototaxis may be only indirect. Such pleiotropy is nonetheless informative, as ill ustrated by the effects of disruption of the 
mitochondrial large ribosomal RNA gene (see later). 
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only known strains with defective positive thermotaxis but normal phototaxis and they reveal the 
existence of gene products involved in thermotransduction prior to convergence of the thermosensory 
and photosensory pathways. Taken together the data demonstrate that, although light and warmth are 
sensed separately, turns towards them are under the control of the same signal transduction pathway. 

Figure 6. Phenotypes of Dictyostelium discoideum slug phototaxis mutants. 

Reproduced from Figure 1 of Darcy et al. 
(1994a). The phenotypes of wildtype strain 
X22 (l ) and two phototaxis mutants 
HPF229 (n ) and HPF230 (s ) are shown 
as an example. (a) Digitized trails in 
phototaxis on charcoal agar (water agar 
supplemented with 0.5% (w/v) activated 
charcoal to absorb stray light) are shown 
after plotting from a common origin with 
the direction towards the light source to the 
right of the Figure. (b) Thermotaxis by 
slugs migrating in an 0.2oC/cm gradient at 
temperatures ranging from about 14oC (T = 
1) to about 28oC (T = 8). Growth 
temperature was 21oC. The accuracy of 
thermotaxis (k) is a statistical measure of 
how concentrated individual directions are 
around the mean direction (towards the 
warmth or towards the cold). The 
convention is followed that positive values 
reflect movement towards the warmth and 

negative values movement towards the cold. Vertical bars represent 90% confidence limits. The scale of the Y-axis required 
to accommodate the very accurate thermotaxis at T=4 by the wildtype slugs obscures the fact that at T=2, both mutants had 
already switched to significant negative thermotaxis (towards the cold) while the wildtype slugs showed no significant 
orientation at this temperature. (c) Accuracy of phototaxis on charcoal agar versus cell density at which the slugs were 
formed. Phototaxis becomes less accurate at high cell  density because of the excretion into the medium of high levels of 
Slug Turning Factor (STF) which interferes with phototaxis. (d) Preferred directions of migration (+a) either side of the 
light source in phototaxis by the two phototaxis mutants versus cell density. The wildtype X22 is not shown as a was 0o  at 
all cell densities. At high cell densities phototaxis by the X22 slugs was bimodal close to the inoculation site where STF 
levels are highest, but this was obscured by readjustment of the preferred directions as slugs migrated away from this 
region. 

Table 1. Genes important for Dictyostelium phototaxis and thermotaxis. 

Gene Linkage 
group 

Mutant 
allele 

Mutant Parental 
strain 

Mutant phenotypes 
 

     Thermo-
taxis 

cGMP 
responses 

Morphology 
& migration 

Comment 

phoA IV phoA2315 HU407 DU584 - III  + Requires 
phoB2316 

phoB VII  phoB2316 HU407 DU584 - III  + Requires 
phoA2315 

phoC VI phoC2307 HPF9 X22 - III  Mtp- mtp-2302 on III + 
mtp-2303 on VI 

phoD IV phoD2317 HPF3 HU1628 - III  +  
phoE III  phoE2305 HPF7 X22 - I  Stp- stpA2300 on III  
  phoE2308 HPF11 X22 - I  Stp- stpA2301 on III  
phoF VI phoF2306 HPF8 X22 - III  Mtp- mtpA2300 on III + 

mtpB2301 on VI 
phoG V phoG2309 HPF12 X22 - III  Stp- stpB2302 on  V 
phoH III  phoH355 HU409 X22 - IV + Small slugs 
phoI II  phoI2301 HPF2 X22 - IV +  
phoJ IV phoJ2304 HPF6 X22 - I  Mtp-,Mig- mtpD2304 + 

migA2300 on IV 
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  phoJ2313 HPF16 X22 - III  Mtp-,Mig- mtpD2305 + 
migA2301 on IV 

phoK V phoK2300 HPF1 X22 - III  +  
  phoK2311 HPF14 X22 - III  +  
theA II  theA2300 HPF13 X22 - III W,IVL Mig- migB2302 on II , 

probable 
unmapped pho 
mutation 

theB VII  theB2301 HPF228 X22 - IVW,IL Mig- migC2303 on VII  
pho- II  pho-2319 HPF229 X22 - I  + Complementation 

tests for linkage 
 II  pho-2303 HPF5 X22 - II  + group II loci is 
 II  pho-2318 HPF230 X22 - II  + diff icult in X22 
 II  pho-2314 HPF17 X22 - IV + background. 
pkaR III  ecmA/pkaR 

fusion 
EcmA:Rm AX2 ? ? Mig- (small slugs + slow migration), 

culmination arrested. 
gelA I gelA1000 HG1264 AX2-214 - ? Mig- (delayed development, 

premature culmination), amoeboid 
motilit y slightly deranged. 

mhcA IV Triple Ala HG1555 AX2 +/- ? Ala replace the 3 phosphorylatable 
Thr in the tail domain. Null mutants 
arrest at tip formation 

carC III  disruption carC- AX3 - ? Phototaxis slightly or not affected. 
carD III  disruption carD- AX3 - ? Reduced prestalk (tip) region with 

mislocalized prespore cells. 
gpbA II  gpbA++

 

 
gpbA1 
gpbA2 

HPF354 
 
HPF355 
HPF356 

LW6 - 
 
? 
? 

? 
 
? 
? 

Overexpresser of wildtype Gb in a 
Gb-null background. 
Temperature-sensitive mutant alleles 
in a Gb-null background. 

gpaA IV disruption ga1 null  AX3 +/- ? Overexpression of continuously 
active form inhibits tip formation. 

gpaD IV disruption ga4 null  AX3 - ? Transduces signals from folate and 
pterin receptors. 

gpaG III  disruption LW1 JH10 - ?  
gpaH IV disruption LW3 JH10 + ?  
rasD VII  disruption rasD- AX3 - ? Overexpression of continuously 

active form yields Mtp- phenotype. 
rnlA mtDNA disruption HPF231 AX2 - I  Slightly slower growth. 
hspA VI antisense 

inhibition 
HPF334 AX2 - ? Slow growth. 

Gene (locus) and mutant allele designations follow the standard style for this organism - an italicized, lower case, three 
letter code indicating the primary phenotype or protein associated with mutant alleles of that gene, followed by an italicized, upper 
case letter indicating the specific gene (locus).  The corresponding phenotype is indicated by the corresponding non-italicized 
code, with the first letter capitalized and a superscript to indicate mutant (-) phenotype. An italicized arabic number following the 
locus designation indicates the particular, usually mutant, allele and is normally simply a unique number assigned at the time of 
mutant isolation. A hyphen in place of an upper case letter indicates that the mutant allele has not been assigned to a specific locus 
eg. by complementation tests. Mutant alleles were mapped to linkage groups by the parasexual genetic cycle. Primary phenotypes 
or proteins corresponding to genotype designations are pho -  impaired phototaxis; the - impaired thermotaxis; pka - protein kinase 
A (regulatory subunit pkaR, catalytic subunit pkaC); gelA - gelation factor 120 (ABP-120, 120 kD actin binding protein); ecm - 
extracellular matrix protein (ecmA, extracellular matrix protein A); stp - stumpy fruiting body morphology (littl e or no stalk); mtp - 
multiple tips on aggregates/fruiting structures; mig - short migration path in phototaxis/thermotaxis experiments; mhcA - myosin II 
heavy chain; carC,D - 7-transmembrane domain cAMP receptors CAR3,4; gpbA - G protein b subunit; gpaA,G,H - G protein a 
subunits 1,7,8; rasD - small GTP-binding protein of the Ras subfamily; rnlA - mitochondrial large subunit rRNA; hspA - 
chaperonin 60. Genes in the upper portion of the table were identified by classical genetics, those in the middle and lower portions 
by molecular genetic methods. Genes in the lower portion encode essential mitochondrial proteins. 

In the table the phenotypes of the mutants are indicated as follows. Thermotaxis: -, impaired; +/-, slightly or not impaired; ?, 
unknown. cGMP responses in postvegetative amoebae: I , wildtype; II , cGMP responses to light and warmth abolished; III , cGMP 
increase after strong stimuli abolished; IV, cGMP responses to strong and weak stimuli i nverted (see Figure 7). Subscripts L and W 
indicate phenotypes specifically relating to the light or warmth stimulus. Absence of a subscript indicates responses to both stimuli 
combined. Morphology and migration: +, wildtype; -, mutant for the indicated phenotype. 
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The mutant phenotypes have provided genetic evidence that cGMP is an important intracellular 
second messenger in signal transduction during phototaxis and thermotaxis. Recent work revealed a 
relatively slow (peak after about 1 minute, compared to 10 seconds for cAMP stimuli ) cGMP response 
to light and to warmth (Figure 7) (Darcy et al., 1994b). The response was either positive (a 2-fold 
increase) or negative (a 2-fold decrease) depending on the strength of the stimulus (light intensity or 
warming rate) so that cGMP responses to these stimuli exhibit sign reversals analogous to the 
behavioural sign reversals. In the parental strain X22, the cGMP responses to light and warmth 
remained unaltered during aggregation and in the slug stage. Because of the technical difficulty of 
perfoming cGMP assays at the slug stage, the mutants were therefore characterized with respect to 
cGMP responses in postvegetative amoebae. Altered responses in the mutants may therefore better 
reflect signal transduction pathways at this stage of development than in slugs. Nonetheless, most 
phototaxis mutants showed impairment of the positive response and in some this was accompanied by 
impairment of the negative response, while a few showed wild-type cGMP responses (Figure 7, Table 
1) (Darcy et al., 1994b). One mutant, defective in thermotaxis only (HPF228,  theB2301), showed 
altered cGMP responses to warmth but wild-type responses to light. The results indicate that signals 
from the photoreceptor and thermoreceptor converge before regulation of the cGMP responses and 
orientation behaviour in both phototaxis and thermotaxis. This is the first of the second messengers to 
have been systematically studied in this way in a collection of phototaxis mutants. A similar study on 
chemotaxis mutants confirmed the already considerable evidence for a role for cGMP in signal 
transduction during chemotactic aggregation (Kuwayama et al., 1993). 

Many of the mutant phototaxis (pho) loci are associated with morphological defects in the 
fruiting bodies and/or with short migration (mig) paths of slugs (Darcy et al., 1993; 1994a) (Table 1). 
The short migration paths may be due to delayed development, slower movement and/or earlier 
ªdecisionsº by the slugs to cease migration and culminate to form a fruiting body. The two major types 
of morphological abnormality observed in association with mutant pho loci are the formation of short, 
stumpy fruiting bodies containing spores but littl e or no stalk (stumpy, stp) and the formation of 
fruiting bodies with abnormal, multiple stalks (derived during culmination from multiple tips) and few 
or no spores (multiple tips, mtp). In the great majority of cases the morphological and slug migration 
defects mapped to the same linkage group as the mutant pho alleles and thus were probably caused by 
pleiotropic effects of these alleles (Darcy et al., 1993; 1994a). In the case of phoE/stpA on chromosome 
III and phoJ/mtpD on linkage group IV this was almost certainly so, as independently isolated mutants 
in these loci showed the same combination of behavioural and morphological phenotypes mapping to 
the same complementation group on the same chromosome (Darcy et al., 1994a). The conclusion to be 
drawn from this genetic analysis is that the proteins involved in signal transduction during slug 
phototaxis and thermotaxis also play criti cal roles in normal morphogenesis and differentiation into the 
final fruiting body (Darcy et al., 1994a) as predicted from the tip activation/inhibition model for slug 
turning behaviour (Fisher et al., 1984). 

5.1.2. Genetic analysis of mutant pho loci. 

The genes responsible for the behavioural and morphological defects of phototaxis mutants 
have been mapped and assigned to about a dozen loci distributed over all seven genetic linkage groups 
(Table 1), including the elusive linkage group V which had previously evaded genetic detection, 
despite clear cytogenetic evidence of its existence (Darcy et al., 1993; 1994a; Welker and Willi ams, 
1980; 1981; 1985; Willi ams et al., 1980; Welker et al., 1982; Zada-Hames, 1977; Robson and 
Willi ams, 1977). Note, however, that recent physical mapping of the genome failed to detect a 
chromosome corresponding to linkage group V (Kuspa and Loomis, 1996; Loomis et al., 1995).  Since 
the cytogenetics and genetic experiments were performed in different genetic backgrounds from the 
physical mapping work, the discrepancies may be explained by chromosome fusion/splitti ng events in 
the different lineages. 
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Figure 7. cGMP response phenotypes of phototaxis and thermotaxis mutants. 

Reproduced from Figure 5 of Darcy et al. (1994b). Cyclic GMP responses to a weak (n ) or strong (l ) combined 
stimulus of light/heat in amoebae of the parental strain X22 or a phototaxis mutant from each of the four observed 
phenotypic classes. HPF229 - Class I  , wildtype cGMP response; HPF5 - Class II , cGMP responses to both strong and 
weak stimuli abolished; HPF3 - Class III , cGMP increase after a strong stimulus impaired, but decrease after a weak 
stimulus normal; HPF2 - Class IV, cGMP responses inverted ie. cGMP decreases after a strong stimulus and increases after 
a weak stimulus (the inverse of the wildtype responses). Strong stimuli were empirically defined with respect to light as 65 
lux ªwhiteº light from a tungsten bulb and with respect to warming as a warming rate of 0.033 oC/min. Weak stimuli were 
empirically defined as 33 lux light and 0.017oC/min warming rate. 

It is clear from the genetic analysis to date that the number of genes that can be mutated to yield 
viable cells able to aggregate and form slugs with defective phototaxis is most probably around 20, but 
could be as high as 55 (Darcy et al., 1994a). This conclusion is based on three lines of evidence: 

1. The frequency with which Pho- mutants are isolated (1/400) under standard conditions of 
chemical mutagenesis is about 25 fold higher than expected for a single gene (Darcy et al., 
1993; 1994a). 

2. The  frequency with which Pho- mutants are isolated (1/600) by non-targeted disruption with 
integrating plasmid DNA is about 20 fold higher than expected for a single gene (Wilczynska 
and Fisher, 1994). 

3. The frequency of  genes represented by single mutants only  (6/12) in a collection of assigned 
loci,  yielded a maximum likelihood estimate of 17 genes in the pool of genetically detectable 
pho loci. Three loci (one of them on linkage group V) were found to be each represented by two 
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independent mutants. This frequency is also consistent with perhaps 20 pho loci that can be 
detected by mutant isolation and genetic analysis (Darcy  et al., 1993; 1994a). 

Twenty phototaxis genes would be an underestimate if some chromosomal pho loci are also 
necessary for aggregation (eg gpbA, see below) or cell growth and division. Such loci would not be 
detectable by standard methods for phototaxis mutant isolation. At least twenty pho loci might be 
expected based on the complexity of known signal transduction pathways. There is pharmacological 
and/or genetic evidence that cAMP (Darcy and Fisher, 1990; Bonner and Willi ams, 1994), cGMP 
(Darcy et al., 1994b), IP3 (Darcy and Fisher, 1989) and Ca2+ (Dohrmann et al., 1984), G-protein (Darcy 
and Fisher, 1989; Fraser and Fisher, unpublished) and Ras (Fraser and Fisher, unpublished) signalli ng 
pathways are involved in slug phototaxis. This being so, one rapidly arrives at quite large estimates of 
the number of genes that might be necessary for normal phototransduction and behaviour. 

The genetic analysis of phototaxis revealed a Pho- phenotype in the multiply marked ªtesterº 
strain HU407 used in crosses with the phototaxis mutants (Darcy et al., 1994a). This phenotype was 
due to mutant alleles of two loci, phoA and phoB, on linkage groups IV and VII respectively, both of 
which were required for expression of the Pho- phenotype. The simplest explanation is that the 
products of these two loci may be able to substitute for each other functionally. This could occur, for 
example, if the two genes were homologs encoding similar proteins. Such multigene families are 
common in Dictyostelium as in other eukaryotes, with  the cAMP receptor genes (carA-D) (Saxe et al., 
1991), adenylyl cyclase genes (acaA, G) (Pitt et al., 1992), G protein a subunit genes (gpaA-H) (Wu 
and Devreotes, 1991) and the large actin gene family (Romans and Firtel, 1985) being notable 
examples that could include genes necessary for phototaxis (see below).  

5.2. Molecular genetics  

5.2.1. Phototaxis genes identified by targeted mutagenesis 

Because genes encoding so many signal transduction and cytoskeletal proteins in Dictyostelium 
have been cloned and corresponding mutants isolated, it is possible to determine if they play essential 
roles in slug behaviour by examining the phototaxis phenotypes of the mutants. Using this approach, 
the first cloned genes known to be important for slug phototaxis have recently been identified. 

5.2.1.1. cAMP receptor genes 

The evidence that extracellular cAMP waves carry the tip activation signal was described in a 
previous section. Four cAMP receptor genes (carA-D encoding the 7-transmembrane domain receptors 
CAR1-4 respectively) have been cloned, sequenced and disrupted (Klein et al., 1988; Saxe III et al., 
1991, 1993; Johnson et al., 1993; Louis et al., 1994). The CAR1 receptor mediates chemotactic 
aggregation and disruption of carA therefore prevents multicellular development. The carB gene seems 
likely to be important for slug behaviour since it is expressed in tip cells and its disruption arrests 
development at the point of tip formation. Unfortunately this means that slugs are not formed so that 
these mutants cannot be tested for aberrant slug behaviour. However carC and carD disruptants will 
form slugs and they are impaired in slug orientation behaviour (see Table 1), confirming the central 
role played by extracellular cAMP signals in slug phototaxis and thermotaxis (Fraser and Fisher, 
unpublished). CAR4 is expressed preferentially in tip cells and null mutants produce slugs that have 
reduced prestalk (tip) and enhanced prespore regions, with some of the prespore cells mislocalizing 
into the stalk at culmination (Louis et al., 1994). CAR3 is expressed in all cells in the slug but 
preferentially in prespore/spore cells at culmination (Yu and Saxe; 1996). 
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5.2.1.2. pkaR encoding the regulatory subunit of cAMP-dependent protein 
kinase 

Another gene shown to be important for phototaxis is pkaR which encodes the regulatory 
subunit of protein kinase A (PKA). Harwood and Willi ams and coworkers showed that overexpression 
of a cAMP-insensitive mutant form (Rm) of the inhibitory subunit of protein kinase A (pkaR) results in 
cells lacking active protein kinase A, because cAMP fails to relieve the heterodimeric holoenzyme 
from inhibition (Harwood et al., 1992a;b). Constitutive expression leads to defects in cAMP signal 
relay (cAMP synthesis and secretion in response to cAMP) but not chemotaxis, so that the cells are 
unable to aggregate or form slugs. Expression of the mutant pkaR under the control of the ecmA 
promoter restricts its synthesis to anterior (PstA) cells and allows aggregation and slug formation. 
However the slugs that form exhibit impaired phototaxis as well as deranged multicellular 
development (Bonner and Willi ams, 1994). Since cAMP normally fulfil s its second messenger role by 
regulating protein kinase A, the phototaxis deficient phenotype of these slugs indicates a second 
messenger role for cAMP in phototaxis. It is also possible that the effects of phenotypic protein kinase 
A deficiency are indirect, resulting from slug tip abnormaliti es due to effects on cell differentiation and 
morphogenetic movements within the slug (Bonner and Willi ams, 1994). 

5.2.1.3. Genes encoding cytoskeletal proteins 

Increases in cytosolic Ca2+ can occur by influx from the extracellular medium or by release 
from intracellular stores. In other eukaryotes the second messenger inositol 1,4,5-triphosphate (InsP3) 
triggers Ca2+ release from the endoplasmic reticulum and this is so for Dictyostelium as well (Europe-
Finner and Newell , 1986). At present the evidence for Ca2+ and inositol polyphosphate signalli ng in 
slug behaviour is pharmacological - EGTA (Dohrmann et al., 1984) (Ca2+ chelator) and Li+ ions 
(Darcy and Fisher, 1989) (inhibitor of several key enzymes in inositol polyphosphate cycling) impair 
phototaxis and thermotaxis when present in the extracellular medium during slug formation and 
migration. Of the known Ca2+ binding proteins that might be relevant, several have been examined 
genetically for roles in phototaxis. They are the Ca2+-regulated actin binding proteins (for recent review 
see Schleicher et al., 1995) - the capping/severing protein severin and the actin crosslinkers a-actinin, 
fimbrin (or plastin) and the 34 kD actin-bundling protein. Mutants lacking these proteins are unaffected 
in development and behaviour at the unicellular and multicellular stages, including slug phototaxis and 
thermotaxis (Fisher et al., 1997; Wall raff and Wall raff , 1997). Thus the role of Ca2+ as a second 
messenger in slug behaviour may not be primarily via regulation of these particular actin-binding 
proteins. Other cytoskeletal proteins that have been shown not to be required for normal phototaxis are 
hisactophili n and protovilli n (Schleicher and Fisher, unpublished). 

One cloned gene encoding a cytoskeletal protein that did prove to be important for phototaxis is 
gelA (or abpC (Kuspa and Loomis, 1996) ) encoding the 120 kD F-actin cross-linking gelation factor 
(or ABP-120)  (Brink et al., 1990). In the course of classical genetic studies of chemically-induced 
mutants affected in the gene encoding this protein, Wall raff  and Wall raff (1997) discovered that the 
mutants exhibit a phototaxis deficient phenotype and that the slugs migrate shorter distances than wild-
type slugs, at least partly because aggregation and slug formation is slower while cessation of 
migration and fruiting body formation occurs sooner. The possibilit y that the slugs also migrate more 
slowly has not been tested. Fisher et al. (1997) found similar defects in mutants in which the ABP120 
gene had been disrupted. Both the chemically-induced mutants and the disruptants are also deficient in 
thermotaxis (Fisher et al., 1997). In cAMP-stimulated aggregation competent amoebae, incorporation 
of actin into the triton-resistant cytoskeleton is defective (Noegel et al., 1989; Brink et al., 1990; Cox 
et al., 1992). Mutant amoebae are reported to exhibit basically normal chemotaxis and motilit y (Noegel  
et al., 1989) although they move slightly more slowly and exhibit subtle abnormaliti es in cell shape, in 
extension of pseudopodia (Cox et al., 1992) and in the periodicity of cAMP waves during early 
development (Rivero et al., 1996). 
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The 120 kD protein is not one of the Ca2+ regulated actin binding proteins, so that the means by 
which signals from receptors might interact with this cytoskeletal protein remain unknown. However, 
the related human protein ABP-280 is apparently regulated by phosphorylation (Ohta and Hartwig, 
1995, 1996) and is itself necessary for SAPK (stress-activated protein kinase) activity in protein 
phosphorylation cascades that are initiated by the extracellular signals lysophosphatidic acid and tumor 
necrosis factor a (Marti et al., 1997). Both proteins contain an N-terminal actin-binding domain of the 
a-actinin/spectrin family followed by a rod domain consisting of multiple repeated segments that have 
been shown (in ABP-120) to exhibit immunoglobulin-like folding (Fucini et al., 1997) and (in ABP-
280) to interact with other proteins such as SEK-1 (which phosphorylates SAPK) (Marti et al., 1997; 
Ohta et al., 1991; Andrews and Fox, 1991). It was therefore suggested that each repeated 
immunoglobulin-like fold of ABP-120 (and ABP-280) might mediate specific binding interactions 
with particular proteins (Fisher et al., 1997). Thus Dictyostelium ABP-120 could interact specifically 
with other proteins in the photosensory and thermosensory transduction pathways including the 
receptors, could be necessary for specific protein phosphorylation cascades in transduction of signals 
from these receptors to the cytoskeleton, and could itself be regulated by phosphorylation. 

The mhcA gene on chromosome 4 encodes the myosin II  heavy chain, another cytoskeletal 
protein which proved to play a role in slug phototaxis. Disruption or antisense inhibition of mhcA 
impaired (Wessels et al., 1988) but did not abolish motilit y and chemotaxis by individual 
Dictyostelium amoebae (de Lozanne and Spudich, 1987; Knecht and Loomis, 1987). However, myosin 
II is required for slug formation (Shelden and Knecht, 1995) so that slug behaviour cannot be tested in 
myosin II-deficient strains (unlike ABP-120 which is essential for multicellular morphogenesis only in 
the simultaneous absence of a-actinin). Nonetheless multicellular development does proceed in a 
myosin II null mutant that has been rescued by expression of a mutant myosin in which alanines have 
replaced the three phosphorylatable threonines in the C-terminal tail region of the protein (Egelhoff et 
al., 1993). Phosphorylation of the myosin at these sites in the wildtype protein inhibits myosin thick 
filament assembly and association with the triton-insoluble cytoskeleton (Kuczmarski et al., 1987; 
Egelhoff et al., 1993).  Although slugs are formed by a mutant strain which has the three threonine to 
alanine substitutions (HG1555, kindly provided by G. Gerisch), their phototaxis is impaired suggesting 
that myosin phosphorylation and disassembly from the cytoskeleton play important roles in phototaxis 
(Fraser and Fisher, unpublished). 

5.2.1.4. Genes encoding heterotrimeric and small GTP-binding proteins 

Darcy and Fisher (1989) reported that phototaxis is impaired by pertussis toxin, which 
specifically ADP-ribosylates the a subunits of some classes of heterotrimeric GTP-binding proteins (G 
proteins). Together with the effects of f luoride ions on phototaxis and thermotaxis (Dohrmann et al., 
1984), these results provided pharmacological evidence that one or more G proteins play important 
signalli ng roles in slug behaviour. This conclusion has now been confirmed genetically. In 
Dictyostelium 8 different G protein a subunit genes (gpaA-H) (Pupill o et al., 1989; Kumagai et al., 
1989, 1991; Hadwiger et al., 1991; Wu and Devreotes, 1991; Cubitt et al., 1992) and a single b subunit 
gene (gpbA on chromosome 2) (Lill y et al., 1993) have been reported. Disruption mutants have been 
isolated for all except Ga6 and of these, the strains deficient in Ga1,4,5,7 or 8 are able to form slugs. 
Testing these mutants (kindly provided by P. Devreotes and R. Firtel) for phototaxis and thermotaxis 
showed that Ga5 is not required for either of these behaviours, while each of Ga1,4,7 and 8 are needed, to 
different degrees, for one or both of them (Fraser and Fisher, unpublished; Table 1). Ga1 and Ga4 
appear to play major roles in phototaxis since their absence had the greatest impact on this behaviour. 

Like many other gene products that are essential for normal slug phototaxis, some of the G 
protein a subunits are also important for multicellular morphogenesis. Thus Richard Firtel and 
coworkers reported that overexpression of Ga1(G45V) a continuously active mutant a1 subunit 



Preprint version Copyright P.R. Fisher Page 24 
 

prevented prestalk cells from forming a tip (Dharmawardhane et al., 1994; Rietdorf et al., 1997). In 
chimaeric slugs formed from mixtures of wildtype and mutant cells, the cells expressing the mutant a 
subunit were excluded from the tip. These results are those that might be expected if Ga1 transduces tip 
inhibition signals. Overexpression of the wildtype a1 subunit has more subtle effects on expression of 
genes in the tip region that are also consistent with this hypothesis (Dharmawardhane et al., 1994). Ga4 
is known to transduce signals from folate-specific receptors for chemotaxis in vegetative amoebae and 
from pterin receptors later in development (Hadwiger et al., 1994), raising the possibilit y that 
Dictyostelium slugs may use pterins as extracellular signals in the multicellular stages. Dictyostelium 
discoideum produces dictyopterin, a natural isomer of L-biopterin, throughout development but 
maximally in growth phase and postvegetative amoebae (Klein et al., 1990; Gütlich et al., 1996). The 
possibilit y that dictyopterin plays a signalli ng role in slug behaviour has not been tested and it is 
possible that the a4 subunit transduces signals from other, as yet unknown receptors. The Ga4 null 
mutant exhibits deranged multicellular morphogenesis beyond the slug stage (Hadwiger et al., 1994). 
No overt phenotypes have been reported to result from disruption of the gene encoding either the a7 or 
the a8 subunit, although overexpression of Ga7 causes abnormal morphogenesis beginning at the slug 
stage (Wu et al., 1994). 

Verification of the essential role of heterotrimeric G proteins was also obtained using 
expression vectors encoding either wildtype or one of two mutant temperature-sensitive Gb subunits 
kindly provided by T. Jin and P. Devreotes (Jin et al., 1998). Overexpression of the wildtype b subunit 
in a Gb-null strain rescued development (Jin et al., 1998), but the slugs exhibited slightly or moderately 
deranged phototaxis and thermotaxis (Fraser and Fisher, unpublished). Similar phenotypes resulted 
from overexpression at the permissive temperature (21oC) of either of the temperature-sensitive b 
subunits (encoded by the mutant alleles gbpA1 and gbpA2), but development was not rescued at the 
restrictive temperature (27oC). If these strains were allowed to develop at the permissive temperature 
and then shifted to 27oC, phototaxis became severely disoriented (Fraser and Fisher, unpublished). 
These results confirm genetically that heterotrimeric G proteins are essential for normal slug 
behaviour. 

The ras genes encode a family of small GTP-binding proteins that play essential signalli ng 
roles in metazoan growth and development. Continuously active mutant Ras proteins have been 
implicated in deregulation of growth in malignant transformation (McCormick, 1994). Dictyostelium 
discoideum has 6 different ras genes (Reymond et al., 1984; Robbins et al., 1989, 1990; Daniel et al., 
1993, 1994). The first of these to be discovered, rasD (originally called Ddras) on chromosome 6, is 
expressed in tip cells and when a continuously active mutant form of it (RasD[G12T]) is 
overexpressed, multiti pped aggregates form that contain mostly prestalk cells and fail to proceed to 
culmination (Reymond et al., 1986; Louis et al., 1997). RasD is involved in transduction of cAMP 
signals that activate ERK2 (Extracellular signal Regulated Kinase 2) in aggregation competent cells 
(Knetsch et al., 1996; Aubry et al., 1997). The phenotypes associated with RasD[G12T] expression 
suggest that the wildtype RasD protein may function in transduction of tip activation signals. That it 
plays an important role in slug phototaxis and thermotaxis was shown by the fact that these responses 
are impaired in a rasD null strain, kindly provided by G. Weeks (Fraser and Fisher, unpublished). 

5.2.2. A role for mitochondr ia revealed by nontargeted gene disruption 

Recent developments in the molecular genetics of Dictyostelium discoideum make an 
alternative route to identification of genes important for phototaxis possible. Instead of proceeding 
from a known protein to the gene and thence via disruptants to the mutant phenotype, nontargeted 
disruption of genes important for phototaxis allows research to begin with a mutant phenotype, using 
the sequences inserted into the gene as a molecular tag to facilit ate its isolation. 
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Two methods for nontargeted gene disruption have been described - REMI (Restriction 
Enzyme Mediated Insertion) (Kuspa and Loomis, 1992) and nontargeted, recombinational integration 
of plasmid (RIP) (Wilczynska and Fisher, 1994). In both methods a plasmid vector is used that can be 
inherited stably in Dictyostelium only if integrated into the genome. REMI has not yet been used to 
isolate phototaxis deficient mutants, but RIP disruption of pho genes was reported recently 
(Wilczynska and Fisher, 1994). The disrupted gene was recovered from one of the mutants (McMahon 
et al., 1996) and subsequently shown to be rnlA, the mitochondrial large subunit rRNA gene 
(Wilczynska et al., 1997). That disruption of this gene was responsible for the phototaxis deficient 
phenotype was demonstrated by experiments in which portions of the gene were used to target plasmid 
insertion into the same locus by homologous recombination. Southern blotting confirmed that plasmid 
DNA was inserted into a minority of  the mitochondrial genomes in cells of both the original mutant 
and the targeted disruptants. 

Because of the essential role of the large subunit rRNA in protein synthesis (Noller, 1993), it is 
expected that disruption of this gene by plasmid insertion would result in defective mitochondria 
lacking the mitochondrially encoded proteins essential for normal function. Thus these mutants may 
have revealed a role for the mitochondria in signal transduction. This is consistent with recent reports 
of mitochondrial Ca2+ transients that arise in concert with cytosolic Ca2+ responses to hormonal stimuli 
in mammalian cells (Rizzutto et al., 1994), and with the observation that impairing mitochondrial 
electron transport functions modulates cytosolic Ca2+ waves (Jouavill e et al., 1995). Of  the various 
second messengers that seem to play a role in slug phototaxis, only Ca2+ is known to mediate 
communication between the mitochondria and the cytosol in this way. 

While all of the mitochondrial mutants exhibited severe defects in both phototaxis and 
thermotaxis, only some were impaired in growth. This suggests that signal transduction is more 
sensitive than other cellular activities to the presence of defective mitochondria and may help explain 
the pathology of human mitochondrial diseases (Grossman and Shoubridge, 1996). Most of these 
disorders are characterized by the presence in cells of a subpopulation of defective, mutant 
mitochondria. The most commonly affected tissues are heart, muscle and central nervous system, 
which share not only high energy demands but also heavy dependence on signal transduction to 
mediate their normal activities. 

Most mitochondrial proteins are encoded by nuclear genes, disruption of which would be 
expected to be lethal since all the mitochondria are supplied by the products of these genes and would 
all be affected equally. However antisense inhibition of expression of such genes need not be complete, 
with the level of inhibition depending on the amount of the antisense RNA made and thus on the 
number of copies of the antisense RNA expressing plasmid. In accordance with this it was found 
recently that although targeted disruptants of the nuclear gene for the essential mitochondrial protein 
chaperonin 60 could not be isolated, antisense-inhibited transformants could (Kotsifas, de Lozanne and 
Fisher, unpublished). Chaperonin 60 is the product of the hspA gene on chromosome 5 (genetic linkage 
group VI) and plays an essential role in correctly folding proteins newly imported into the 
mitochondrial matrix (Hendrick and Hartl, 1995). As was the case with the mitochondrial rnlA 
disruptants, all antisense-inhibited transformants were deficient in phototaxis and thermotaxis, but only 
a subset (those with the highest level of antisense inhibition) were also deficient in growth. These 
results confirmed that signal transduction for slug phototaxis and thermotaxis is more sensitive than 
cell growth and division to mitochondrial insuff iciency. 

The discovery of mitochondrial mutants deficient in phototaxis ill ustrates the abilit y of 
nontargeted gene disruption techniques to reveal the unexpected. Proceeding from mutant phenotype to 
gene to protein, rather than in the opposite direction, does not require a priori selection of a gene of 
interest and ensures from the outset that the gene under study really is necessary for the wild-type 
phenotype. The route from selected protein to mutant can harbour some surprises at the end, when 
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disruptants fail to show the expected phenotype. A case in point is the phospholipase C gene, the 
disruption of which did not result in any of the expected mutant phenotypes but instead led to inabilit y 
of spores to abort germination in unfavourable conditions (Drayer et al., 1994; van Haastert, pers. 
comm.). 

6. Conclusion 
Genetic analysis is uniquely powerful in functional dissection of complex biological processes. 

Its application to phototaxis (and thermotaxis) by Dictyostelium discoideum slugs in combination with 
behavioural, physiological and pharmacological studies led to elucidation of the key features ill ustrated 
in Figure 2. The main contribution so far of the classical and molecular genetic analysis has been to 
show that a minimum of about 20 genes is needed for wildtype slug behaviour, that many genes are 
important both for orientation behaviour and for multicellular morphogenesis as expected from the tip 
activation/inhibition model for slug turning, that the photosensory and thermosensory transduction 
pathways converge early so that most genes are required for both, and that the central signalling 
components include the second messengers cAMP and cGMP, the cAMP receptors CAR3 and CAR4, 
the GTP-binding proteins Ga1bg, Ga4bg, Ga7bg, Ga8bg and RasD, the cytoskeletal proteins ABP120 and 
myosin II , and perhaps the mitochondria. Perhaps surprisingly, gene disruptions revealed that normal 
phototaxis and thermotaxis are highly sensitive to the presence of a subpopulation of defective 
mitochondria, but insensitive to the absence of the two major Ca2+-regulated actin binding proteins. 
The power of the genetic approach is this abilit y to reveal the unexpected. It will t herefore be 
interesting to see what surprises await us from future genetic dissection of Dictyostelium slug 
behaviour. 
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