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1. Abstract.

Dictyostelium discoideum slugs are doultless the simplest multicdlular eukaryotes in which
classcd and moleaular genetic goproacdhes to the study of the signal transduction pathways controlli ng
phaomovement are possble. The slugs are formed by chemotadic aggregation d starving amoebag
so that it isa simple matter to generate, from clonall y-derived mutant cdl li nes, hundeds of geneticdly
identicd multicdlular individuas for study. Adding to the dready extensive knowledge of the
unicdlular stages of the D. discoideum life gycle, classcd and moleaular genetics have begun to
unravel transduction d signals controlli ng phaotaxis (and thermotaxis) in the slugs. Distributed over
all seven genetic linkage groups are & least 20, bu posshbly as many as 55 genes of importance for
slug behaviour. The encoded proteins appea from pharmaalogicd studies and mutant phenactypes to
govern transduction pathways invalving extracdlular CAMP signals and correspondng receptors,
heterotrimeric and small GTP-binding proteins, the intracdl ular sscond messengers cyclic AMP, cyclic
GMP, Ca?" and IP; as well as cytoskeletal proteins sich as Actin Binding Protein-120 and myosin II.
Pathways from the phao- and thermoreceotors converge first with ead ather and thence with those
from extracdlular tip adivation (cyclic AMP) and inhibition (Slug Turning Fador and/or ammonia
and/or adenosine) signals that control slug movement and morphogenesis.
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2. Introduction.

The first cdlular slime mould, Dictyostelium rucoroides, was discovered by Brefeld in 1869,
but was initially misclassfied with the acd ular lime moulds in the belief that the multicdlular stage
was a plasmodium - a unicdlular, multinuclede syncitium arising from cdl fusion duing the
aggregation d starving amoebae Only in 1880was it redized that these organisms exhibit an asexual
life gycle that uniquely invalves the formation by aggregation d atruly multicdlular organism (Figure
1), renamed a pseudodasmodium as a result of its originally mistaken identity (van Tieghem, 1880Q.
The spedes Dictyostelium discoideum was first reported in 1935 ly Raper and has snce become the
best known o the celular sime moulds becaise of its popuarity as a model organism for studies of
eukaryotic cdl and moleaular biology.

Figure 1. Stages in the life ocle of
Dictyostelium discoideum.

A scanning eledron micrograph montage of

various gages in the life g/cle is sown. The original

grey scde image was kindly made avalable by M.J.

Grimson and R.L. Blanton, Dept. Biologicd Sciences,

Texas Tech University. Amoebae multiply by growth on

a baderial food source (ingested by phagocytosis)

acompanied by mitotic division. When the food source

is exhausted, starvation induces differentiation to an

aggregation competent form - amoebae that synthesize,

seqete and are atraded by cAMP (other slime mould

spedes use different attradants). After chemotadic

aggregation during which amoebae ae reauited into the

aggregate in long streams of cdls, a tip forms on the

aggregation mound and is extended upwards to form a

finger-like structure that falls onto its sde to form the migrating slug. After a variable migration period the tip stops and the

remainder of the ugis drawn up beneah it to begin culmination. Anterior cdls funrel downwards towards the substratum

and dfferentiate to form the stalk which, asit forms, is climbed by the other cdlsto finally form adroplet of spores atop the

stalk. Each spore is derived from asingle anoeba by diff erentiation and, under suitable cnditions gich as the presence of a

baderial food supply, will germinate to yield a singe vegetative anoeba. Excluding the period o migration the whole gycle
takes about 24 hours - roughy 8 hours to aggregation, 16 hours to slug formation, 24 hours to completion of culmination.

As described by Raper (1940, the D. discoideum pseudodasmodium is formed by a
combination d starvationrinduced cdl differentiation and complicaed morphogenetic movements,
beginning with chemotadic™ aggregation to form a mound d between 10 and 10 cels (Figure 1).
Thisis followed by tip formation and upvards extension d the aggregate to form a standing “finger”
that falls over and crawls away - the pseudodasmodium. It migrates at average speeals from 0.2to 2.0
mm/ through a sime sheah composed o cdlulose and protein which it synthesizes, seaetes and
leaves behind in collapsed form as a trail. This behaviour in combination with its elongated shape,
lends the organism a superficial resemblanceto 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 life g/cle, interposed asiit is
between aggregation and culmination, may last from lessthan an hou to realy two weeks depending
on the strain and oncondtions such as temperature, humidity, pH and ionic strength. At some variable
point in time, apparently under the cntrol of the slug tip, migration ceases and a series of complex
morphogenetic movements leads to fruiting body formation.

* That aggregation aceurs by chemotaxis was demonstrated by beautiful experiments in which aggregation centres on ore side of a
dialysis membrane were shown to attrad aggregation competent amoebaemigrating on the oppasite side of the membrane (Runyon,
1942 and cdls downstream of an aggregation centre in aslow current migrated towards the centre while upstrean cdlsdid na
(Bonrer, 1947). The atradant was identified as CAMP twenty yeas 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 wnicd stalk
mounted onabasa disc. The stalk cdls are derived amost entirely from the anterior 20% or so of the
slug amoebag the spores from the bulk of the remainder and the basal disc from cdls (1-2%) colleded
a the rea of the slug. The slug thus contains three major cdl types (the reaguard cdls, the prespore
cdls and the anterior, prestalk cdls) that are spatially separated in the slug and predestined to form the
threemajor morphdogicd feaures of the fruiting body. This much has been knowvn since the degant
experiments of Raper and Bonner who first demonstrated it using tisaue transplants on slugs made
from amoebaethat had been colour-tagged with vital stains (Bonner, 1944 Bonnrer and Slifkin, 1949
or by feeding them diff erently pigmented baderia (Raper, 194Q. However, more recent analysis of the
patterns of gene expresson and histologicd staining in slugs and culminants has reveded greder
underlying complexity - severa subclasses of prestalk cdls, ead with its own dstinct spatial
distribution and morphagenetic fate map, some with representatives <atered through the prespore
region - the so-cdl ed anterior-like cdls (for arecent review, seeWilli ams, 1997.

The study of phaosensory (and thermosensory) resporses in Dictyostelium discoideum began
with the reports by Raper (1940 and Bonrer et al. (1950 that the Slugs migrate with gred predsion
both towards a lateral light source (Figure 2) [white light intensities as low as 1 mW/m? (Poff and
Héader, 1984] and towards the warmth in astonishingly shall ow temperature gradients [as littl e & 0.04
°Clcm (Poff and Skokut, 1977]. In the soil environment these behaviours would take the slug to the
surfacewhere the drop in humidity and the overheal light would induce awilmination ie. fruiting body
formation (Raper, 194Q Newell et al., 1969 Bonrer et al., 1985. Many yeas were to elapse before
Donat Hader and colleagues found that the individual postvegetative anoebae #éso are phaotadic
(Hader and Poff, 197%,b) and thermotadic (Hong et al., 1983. Even naw these resporses remain littl e
studied, despite recent isolation d the putative anoeba phaoreceptor (Vornlocher and Hader, 1992
Schlenkrich et al., 199%,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 dready |eft
the field of view, one has just entered on the | eft
and oneis about to leave on the right. Each dug
is about 1 mm long and migrates at about 1
mm'hr through an extracdlular matrix of
cdlulose and protein which forms a so-cdled
slime sheah and which collapses behind it to
leave atral. The image was taken by low
magnification phase mntrast microscopy.

Because slugs are visible to the naked eye ad leave dime trails, their phaotadic (and
thermotadic) behaviour (recently reviewed by Bonner, 1994 and Fisher, 1997 is much more
experimentally tradable than that of the individual amoebae and acwrdingly has been the subjed of
more intensive reseach using a awmbination d behavioural, prarmaalogicd and genetic goproades.
In the remainder of this article | describe first the key feaures of slug turning behaviour that have been
discovered so far and then focus edficdly onthe pharmaalogicd and genetic analysis of phaotaxis.
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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 surfaceis iown. The @&hough bubbles® emanating from the tip
indicae that the tip controls dug behaviour via the indicated pathways. Signals from photoreceptor and thermoreceptor
converge ealy and thence @ntrol the mncentrations of the intracdlular second messengers cAMP, cGMP, Ca* and
passbly 1P;. The evidence for inositol polyphosphate (IPs) involvement is the pharmacologica effed 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 adivation and inhibition signals that
determine the position of the slug tip. Transient lateral imbalances between tip adivation and inhibition induced by this
means by light and temperature gradients cause temporary lateral shiftsin tip pasition and thence slug turning because the
slug Follows its nose® Depending yoon whether tip adivation 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 adivation and inhibition. This explains diredion-dependent sign
reversalsin phototaxis that cause bidiredional phototaxis (seetext) and temperature-dependent sign reversals in thermotaxis
that cause movement towards the warmth or the mld depending on the temperature. Tip adivation signals are believed to be
caried by 3-dimensional spiral scroll waves of extracdlular cCAMP analogous to the 2-dimensional CAMP waves that
mediate aygregation (seeFigure 5). Candidate tip inhibitors are STF (Slug Turning Fador), ammonia and adenosine.

Most of the key feaures of signal transduction controlli ng slug phaotaxis and thermotaxis, as
illustrated in Figure 3, were proposed more than a decale ago (Fisher et al., 1989 and may be
summarized as foll ows:

Dictyostelium slugs sense light and temperature gradients sparately.

Phatosensory and thermosensory transduction pathways converge ealy, upstrean of most
signa transduction comporents which acordingly function to regulate both phdotaxis and
thermotaxis.

Sign reversalsin slug turning resporses occur in bah phdotaxis 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 pasition as determined by a
temporary, locd imbalance between the ouped proceses of tip autoadivation and
autoinhibition. Light intensity and temperature gradients aaoss the slug tip cause turning
resporses by altering the balance between tip adivation and inhibition, for example by
stimulating differential  production d tip inhibitor. This moduation d the tip
adivation/inhibition system occurs becaise, after converging, signals from the phaoreceptor
and thermoreceptor interad with the same central comporents as the tip adivation and
inhibition signals. Sign reversals can be eonamicdly explained becaise the turning behaviour
of the slug will depend uponwhether tip adivation a inhibition daminates the resporse to light
or temperature gradients.

Tip adivation signals are caried by CAMP waves, now known to be scroll-shaped, while tip
inhibition signals may be borne by one or more of the moleaules NH3, adenosine and the
originally proposed Slug Turning Fador (STF). The inhibition signals may ad primarily by
influencing the pacamaker frequency associated with the AAMP waves.

The central signal transduction comporents include second messengers (CAMP, incsitol
polyphasphates and the originally proposed cGMP and Ca®") along with assciated proteins, as
well as sgnalling proteins (including heterotrimeric and small GTP-binding proteins) and
cytoskeletal proteins (including ABP120). Recent work has shown that the mitochondia may
also be invalved. The groupng of these various comporents into asingle central box in Figure
3refledsthe fad that it has not yet been determined exadly how they interad with ore ancther.
For some of these the evidencethat they play aroleis pharmaclogicd (inasitol payphosphates
and Ca?*), but for most there is genetic evidence (ie. based onmutant phenatypes) that they are
esentia for norma slug behaviour. For this reason the number and identities of the central
signal transduction comporents are discussed separately in the sedion ongenetic analysis.

| now examine eab of these key feduresin more detail .

3.1. Dictyostelium slugs sense light and temperature gradients
separately

In view of the extreme sensitivity of slugs to thermal gradients, ore possble explanation o
slug phaotaxis was that it resulted from thermotadic resporses to locd warming. Slug phaotaxis
shoud therefore have been most sensitive to far red and infrared light where locd warming would be
most effedive. However, in 1964David Francis reported an adion spedrum for slug phaotaxis that
disproved this - slug phaotaxis was most sensitive to bue light (around 430 m) and exhibited a
seond broad peak of sensitivity to longer wavelengths (around 550600 nm). The spedrum was
elegantly confirmed by Poff et al. (1973 by measuring the angle of deviation d the migrating slug
paths from a line biseding the diredions towards two lateral light sources of different wavelengths.
Since then, phdobiologicdly rigorous fluence-resporse aurves for slug phaotaxis have been oliained
with light of many different wavelengths and wsed to determine the slug phaotaxis adion spedrum
more acarately (Poff and H der, 1984. As aresult the blue light pe&k was resolved into two peeks at
420 m and 440 m, whil e the broad pe&k at longer wavelengths was resolved into peaks at 560 rm
and 610 m. The fluenceresporse arves aso confirmed that phaotaxis occurred at light intensities ©
low that locd warming would be insufficient to creae thermal gradients detedable even hy
Dictyostelium slugs. Using the adion spedra & a guide, Ken Poff and coll eagues isolated a putative
phaoreceptor for slug phaotaxis - a haem protein whase asorption and phdooxidation adion spedra
were simil ar to the slug phaotaxis adion spedrum (Poff et al., 1973, 1974Poff and Butler, 1974.
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Further evidence that phaotaxis does not result from thermotadic turns towards the slug's
warmer side cane from demonstration that phaotaxis relies on a lens effed - light refraded at the
roughly cylindricd surfaceof the slug is focused orto its distal side, so that when a slug turns towards
alateral light source, it is turning away from its most intensely ill uminated side! The evidencethat this
is © came from three kinds of experiments, again beginning with the pioneeing work of David
Francis (Francis, 1964:

1. When verticd beans of light were used to ill uminate one side of the slug tip, the slug turned away
from the illuminated side (Francis, 1964 Poff and Loomis, 1973 H der and Burkart, 1983.

2. Becaise of the high refradive index of minera oil, light rays refraded at the surfaceof a slug
immersed in it would dverge rather converge. Slugs treaed in this manner exhibited negative
phaotaxis, turning away from instead of towards the light source (Bonrer and Whitfield, 19685.

3. When slugs were stained heavily with neutral red, so that the light was absorbed ontheir 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 Wallraff and Wallraff, 1997%. In the UV range, slugs are
negatively phaotadic becaise strong absorption d the light defeasthe lens effed (H der, 1985.

Separate phaosensing and thermosensing by Dictyostelium slugs was verified geneticdly by
the isolation d mutants defedive in phdotaxis but unaffeded in pasitive thermotaxis (Poff and
Skokut, 1977 andvicevesa (Darcy et al., 1994).

3.2. Photosensory and thermosensory transduction p athways
converge early

Although light and warmth are sensed separately, the signal transduction pathways converge
ealy. This conclusion was originally based on the fad that metabadlites (Slug Turning Fador, STF)
seaeted by the anoebae & high cdl density (Fisher et al., 198)), several pharmawlogicd agents
(Dohrmann et al., 1984 and independent mutations (Fisher and Willi ams, 1982 that impair phaotaxis
also perturb pasitive thermotaxis and vice vesa (Schneider et al., 1982. It has snce been verified
manifold by the dfeds of additional pharmamlogicd agents on bdh phdotaxis and thermotaxis
(Darcy and Fisher, 19891990, by detailed genetic and plenctypic analysis of a large olledion d
mutants (Darcy et al., 1993 1994), and by the discovery of cGMP resporses to bah light and hea
stimuli that are adtered in many mutants (Darcy et al., 1994h. Classcd genetics has identified onthe
seven Dictyostelium genetic linkage groups about a dozen genes (from an estimated total of around 20
that, when mutant, cause deficient lug phaotaxis (Darcy et al., 1993, 1994; Fisher et al., 1997
Wallraff and Wallraff, 1997. All but one (Poff and Skokut, 1977 of the reported phdotaxis mutations
affed thermotaxis as well and the genetic analysis confirmed that both phenotypes amost aways map
to the same linkage group. In orly a single mutant (from more than 20 that have been geneticdly
analysed) is there evidence that the two phenctypes may have aisen from two independent mutations
in dfferent genetic loci. In three caes (phoE on linkage groupIIIT, phal on linkage groupIVT, phaK
on linkage group V") it has been verified by complementation tests involving independent mutant
aleles of the same locus that the thermotaxis and phdotaxis phenotypes are caised by the same
mutation (Darcy et al., 1993, 1994).

T The present physica map of the D. discoideum genome includes 6 chromosomes. Except for linkage group VI (chromosome 5) and
linkage groupV (not assgned to aphysicad chromosome) there is a one-to-one @rrespondence between the numbering of the genetic
linkage groups (Roman numerals) and the physicd chromosomes (Arabic numerals) (Loomiset al., 1995 Kuspa and Loomis, 1996)).
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3.3. Sign reversals in slug turning responses occur in both
phototaxis and thermotaxis

Until the ealy 198G orientation by slugs either in resporse to a latera light source or to
temperature gradients was believed simply to consist of pasitive taxis. Then in 1980Whitaker and Poff
reported the unexpeded finding that at temperatures sveral degrees below the growth temperature
slugs migrate towards the old (negative thermotaxis). The temperature & which the transition from
pasitive to negative thermotaxis occurred was dependent on the temperature to which the anoebae had
been exposed duing growth. Fisher and Willi ams (1982 confirmed this behaviour and foundas well
that at temperatures above the growth temperature the acaracy of thermotaxis smilarly dedined urtil,
in mutants and also in wil dtype slugs under certain condtions (Dohrmann et al., 19849, atransition to
negative thermotaxis occurred.

Although slugs migrate avay from ultraviolet light (H der, 1985, negative phaotaxis by slugs
in resporse to light in the visible range has not been reported except in the spedal case where the slugs
have been heavily stained (see edier). However, Fisher and Williams (1981a) found that slug
phaotaxis is adualy bidirediona in that slugs migrate not diredly towards the light, but at an angle
(+a) either side of the diredion towards the light source (Figure 4). This happens because slugs whase
current diredion d travel is at an angle lessthan +a subsequently turn away from the light, whil e thase
whose arrrent diredion d travel is a an angle gredaer than +a turn towards the light. The angle &
which the transition accurs becomes the preferred diredion o travel (+a). Thus dug turning behaviour
in bah thermotaxis and phdotaxis is charaderized by sign reversals that depend ontemperature in
thermotaxis, and onthe diredion d migrationin phdotaxis (Fisher and Willi ams, 1981).

Figure 4. Bidirectional phototaxis by Dictyostelium
discoideum slugs.

Modified from Figure 2 of Fisher et al. (1984). The dfeds on
bidiredional phototaxis on water agar of mutations (wil dtype X22 versus
mutants HU410 and HU120) and environmental conditions (X22 at low
density versus high density or with EGTA). Digiti zed trail s were plotted
so that the light source was to the right of the Figure. In ead case slug
trails are plotted from a common origin athough in redity slugs were
formed and migrated from centres satered over the 1 cm? area onto
which starving cdls were spread initiadly at the indicaed cdl densities.
In wildtype X22 dlugs a low density without EGTA bidirediona
phototaxis is not observable becaise the two preferred dredions (+a)
are too close together. Bidirediona phototaxis is evident in the mutants,
in the presence of EGTA and at high cdl densities (close to the origin)
becaise a is greaer under these conditions.

In wil dtype slugs under most condtions a is sufficiently small that bidiredional phaotaxis is
indistinguishable from unidiredional phaotaxis towards the light. However, asiill ustrated in Figure 4,
it ismore evident (because a is greaer) in mutants (Fisher and Willi ams, 1981, Darcy et al., 1999, in
the presence of fluoride ions (Dohrmann et al., 1989, EGTA (aCa’* chelator) (Dohrmannet al., 1989
or metabdlites (Slug Turning Fador - seebelow) excreted duing slug formation at high cdl densities
(Fisher and Willi ams, 198%; Darcy et al., 1994. In general these same fadors caused shifts towards
the growth temperature of the transition temperatures at which sign reversals occur in thermotaxis, the
exception keing fluoride ions which shifted transition temperatures away from the growth temperature.
Any model of phaosensory and thermosensory signal transduction in slugs must include an
explanation d these sign reversals.
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3.4. Slug behaviour is controlled by the slug tip

That the slug tip controls dug behaviour and pdarity was first shown by Raper nealy 60 yeas
ago (Raper, 1940. Thus removal of the tip or of small amourts of tissue from it caused migration to
cease until an intad tip was reestabli shed, whereas an excised tip was able to continue migration onits
own in an unmpeded fashion. Control by the slug tip was confirmed spedficdly for phaotaxis by
demonstration that slugs respondto verticd microbeams of light only if they are shorne on the tip (Poff
and Loomis, 1973 H der and Burkart, 1983. Tip transplants between slugs of a wil dtype strain and a
phaotaxis mutant showed that phaotaxis was wil dtype if the tip was wildtype and vice vesa (Fisher
et al., 1984.

Since dmost all reported mutations causing impaired phdotaxis also result in thermotaxis
deficiencies (Fisher and Willi ams, 1982 Fisher et al., 1984 Darcy et al., 199319949), it had always
been assumed that thermotaxis, like phaotaxis and morphagenesis in general, would also be tip-
controlled. However Hashimoto and Matsui (1988 reported a aurious result from tip transplants
between slugs formed from amoebae grown at 19°C and 25C. At 20°C the former slugs (3+° slugs)
were positi vely thermotadic, whil e the latter (2-° slugs) were negatively thermotadic as expeded from
the original report of negative thermotaxis and thermal adaptation by Whitaker and Poff (1980.
Contrary to expedation, in heterologous transplants the presence of either atip or atail from a 3-° dug
resulted in negative thermotaxis. One posshble explanation is that in the heterologous transplants, cdls
from the tail s of 2-° dlugs take over the tip and thereby control the behaviour. Anather posshility is
that the tip oltains its information abou the growth temperature from a global signal emanating from
the a° cdls irrespedive of their location in the slug. The results of Hashimoto and Matsui (1988,
while unexpeded, are thus not incompatible with tip control of thermotadic behaviour.

3.5. Slug turning is mediated by modulation of the coupled
processes of tip autoactivation and autoinhibition

The ideathat slug turning might be mediated by couped tip autoadivation and autoinhibition
was first proposed by Hans Meinhardt (1983 whoinferred it from the spontaneous formation d tipsin
Dictyostelium aggregates and the subsequent generation d slugs with clea tip/body pdarity (Raper,
1940*. Matching the observed morphdogica pdarity of slugsin the form of the tip/body pattern is a
very pronourced behavioural polarity - the slug follows where the tip leads and in the asence of
externa diredional stimuli tendsto persist migrating in the original, randamly chosen diredion (Fisher
et al.,, 1983. Linked autocaalytic and inhibitory pathways are agenera and recessary feaure of
physicd, chemicd and hiologicd systems that spontaneously form such petterns from maaoscopicdly
homogeneous garting condtions. In Dictyostelium slugs, dired experimental evidence for tip to tail
gradients of bath tip inhibition and adivation was obtained from experiments in which secondary tip
formation was <ored after transplantation d tisaue to and from different points along the slug length
(Durston, 1976 Durston and Vork, 1977 MadWilliams, 1982. Kopadik (19823) verified the
seaetion by aggregates of atip inhibitor and showed that it is a small moleaule &leto dff use through
a dialysis membrane. While tip inhibition signals may be caried by global concentration gradients of
tip inhibitor, the tip adivation signal is amost certainly encoded in spatiotemporal CAMP waves (see
below).

Slug turning behaviour during phaotaxis and thermotaxis can be eplained if light or
temperature gradients induce lateral differencesin tip adivation a inhibition signals. According to this
view, slug turning is a consequence of small lateral shifts in tip pasition that are induced duing
phaosensory or thermosensory transduction by moduation d the tip adivation/inhibition system. As

¥t shoud be noted that the polarity spoken of hereisinfluenced by but is not equivalent to the spatial patterns of cel types controlled
by cdl cycle paosition at the onset of starvation, cdl sorting and morphagens guch as DIF (reviewed by Loomis, 1993.
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explained in detail by Fisher et a. in 1984, oe prediction d this adivation/inhibition model for slug
poarity and kehaviour is that slugs would turn towards or away from light or hea, depending on
whether tip adivation a inhibition daminated the resporse. In thermotaxis this would depend uponthe
temperature so that close to the growth temperature tip adivation onthe warm side of the slug would
cause pasitive thermotaxis. At temperatures where negative thermotaxis occurs, tip inhibition onthe
warm side would result in slugs turning towards the cold. In phdotaxis, the lens effed focuses light
onto the distal side of the slug tip and the focusing advantage increases with the angle of deviation
from the diredion towards the light. At large angles, tip inhibition onthe distal side would result in
turns towards the light, but at low angles with small focusing advantage tip adivation onthe distal side
would cause dlugs to turn away from the light. The adivation/inhibition model thus provides an
eoonamicd explanation for the observed sign reversals in slug turning behaviour during phaotaxis and
thermotaxis.

An dternative modd for slug turning based on dfferential speeals has also been propased. The
ideais that turning results from a trador medianism in which cdls on ore side of the slug move
forward faster than cdls on the other side. Provided that the cdls retain their relative pasitions this
would result in a turn. The original evidence for this medanism came from experiments suggesting,
contrary to ealier work (Raper, 194Q Francis, 1964 Bonrer and Whitfield, 1969, that the average
spead of migrating slugs was greder in the light than in the dark (Poff and Loomis, 1973. However,
more detailed quantitative studies showed that average slug spedl is in fad unaffeaed by light, by
temperature gradients or by STF (Slug Turning Fador), 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
cdls) migrate faster in the presence of optimal concentrations of NHs, also a slug repellent (Bonner et
al., 1986 Feit and Sollitt o, 1987 Kosugi and Inowe, 1989 and candidate tip inhibitor controlling slug
orientation (Bonrer et al., 1988 1989. Miura and Siegert (unpublished data) recently revisited the
guestion. In some very elegant time-lapse filming experiments they found (unexpededly) that slugs
slow down in the presence of ammonia. Be that as it may, the dfeds of anmonia on slug speel can
provide only indired evidence for a differential speeds medhanism for slug turning in phdotaxis.
Miura and Siegert therefore filmed slugs during phaotaxis. They foundthat slugs turned towards the
light within a few minutes and later, after a delay of at least 20 minutes, accéerated (first the tip, later
the rea) and elongated®. These results refute adifferential speeds hypothesis for turning, since the
acceeration accurred orly after the turn.

Additional difficulties for the trador mecdhanism of slug turning are posed by the fad that in the
slug tip where turns are initi ated, the cdls rotate aroundthe slug axis at right angles to the diredion o
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 cdls
change their relative positions in a manner consistent with the tip-shifting and nd the differential
speads hypothesis. Miura and Siegert (unpublished data) found changes in the motion and relative
pasitions of tip cdls during phaotadic turns that were suggestive of changes in the geometry of the tip
adivation signal (twisting of the scroll wave) and consistent with the tip-shifting hypothesis. Recently
Bonrer (1998 found a way to make flat (one cdl thick) slugs at a glassminera oil interfacethus
allowing him to olserve the movement of the individual cdls in the slug. Consistent with the tip-
shifting hypothesis, he foundthat turns are not associated with speal dff erences between amoebaeon
the two sides of the slug, bu with lateral shifting of the $high pant® aoundand towards which the
adive motility by the aterior cdls is direded. The high pant® was remgnizable & the region d
highest cdl matility in these two-dimensional slugs.

8 Because it was acompanied by an increase in slug length, this accéeration during phatotaxis may have been obscured in ealier studies
by the mrredionsthat were made for slug size These mrredions were necessary becaise 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. Origina
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 diredion
of cdl movement as observed by tradking reutral red stained vesiclesin the cdls. B. A
model showing the mode of signal propagation that explains the observed pattern of
cdl movement. Shown are the scroll wave in the tip rotating counter to the diredion of
movement of the cdls, the twisting of the scroll wave & the rea of the tip region and
its conversion into atrain of planar waves propagating reawards throughthe rest of the
dug.

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

3.6.1. Thetip activation signal

The ideathat tip autoadivation might be mediated by CAMP signals was always very attradive
becaise AAMP stimulates its own synthesis and seaetion in aggregating cells. By 1983 when
Meinhardt elaborated the tip adivation/inhibition model for Dictyostelium morphogenesis, there was
already a greda ded of evidence that CAMP waves analogous to those seen during aggregation might
cary the tip adivation signal controlli ng slug paarity and kehaviour. Thus it was known that slug tips
seaete AAMP (Rubin and Robertson, 197% Rubin, 197§ and by that means can attrad aggregation
competent cdls (Bonrer, 1949, that slugs have AAMP receptors, adenylyl cyclase and cAMP
phasphodesterase (Henderson, 1975 Rutherford et al., 1983, that there is an owerdl tip to tall
gradient of CAMP in slugs (Pan et al., 1974 Brenner, 1977, that anterior cdls srt chemotadicdly to
slug tips and to regions of higher cCAMP concentration (Maeda, 1977 Sternfeld and David, 1981
Kopadik, 1982h Matsukama and Durston, 1979, that fil es of slug cdls move in a pulsatile fashionin
threedimensional spirals analogous to the two dmensional 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 paarity and dsintegrate into small er aggregates (Nestle and Sussman, 1972 George, 1977 and
that a mutant, temperature sensitive for chemotadic aggregation, was aso impaired in slug tip
formation when shifted to the restrictive temperature (Barclay and Henderson, 1982. Since then these
ealy observations have been confirmed and extended, while much of the moleaular detail has been
filled in with the doning of genes that encode many of the proteins involved in transducing CAMP
signas (recent reviewersinclude Gross 1994 Firtel, 1995 Willi ams, 1995 Reymondet al., 1995 van
Haastert, 1995 Loomis, 1996and Kim et al., 1996.

Receant studies of the role of putative AAMP waves in controlling slug morphagenesis were
those of Siegert and Weljer and coll eagues who showed that rotating waves of cdl movement occur
both in mounds during tip formation and subsequently in the tips of migrating slugs (Rietdorf et al.,
1996 Siegert and Weijer, 1992. Asill ustrated in Figure 5, cdlsin the slug anterior rotated aroundthe
tip axis as if respondng to a threedimensional scroll wave, while cdls in the rea (prespore) region
moved forward in the diredion o slug migration in a periodic fashion as if respondng to panar,
reaward propagating waves (Siegert and Weljer, 1999. Slug models based on the properties of the
CAMP signal relay system of aggregating cdls were shown to be &le to generate the observed
behaviour if there was a tip to tail step gradient in the excitability of the cdls at the prestalk/prespore
boundry (Steinback et al., 1993 Bretschneider et al., 1995. Siegert and Weljer with their coll eagues
recently reported that microinjedion d cAMP pulses into tips could generate opticd density waves
that interad with the natural waves annihil ating them (Siegert and Weijer, 1997. Thisisthefirst dired
in vivo evidencethat the waves are in fad CAMP mediated. Several known inhibitors of CAMP signal
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relay in aggregating cdls were shown by Darcy and Fisher (1990 to impair slug phaotaxis and
thermotaxis, providing in vivo evidence that these behaviours are indeed controlled by cAMP signals
analogous to those that drive aygregation. Genetic confirmation d the role of extracdlular CAMP
signals was provided by demonstration d theimportance of the CAR3 and CAR4 cAMP receptors (see
later).

3.6.2. Thetip inhibitors

Slug turning in phdotaxis or thermotaxis can be explained by differential tip adivation and/or
inhibitor seaetion acossthe slug tip in resporse to light or temperature gradients. Fisher et al. (1981)
reported the isolationin crude extrads of asmall (<500M,,) moleaule (Slug Turning Fador, STF) with
the properties expeded o the slug tip inhibitor in phdotaxis - a slug repellent whose seaetion is
stimulated by light and which impairs phaotaxis (and thermotaxis) at high, uriform 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
phaotaxis (Bonrer et al., 1988 and thermotaxis (Bonrer et al., 1989. It had been known for many
yeas that culminating fruiting bodes use gradients of a gaseous repellent to orient away from ead
other and the substratum, and towards a mound d adivated charcoa (Bonner and Dodd, 1962. The
identity of this gas as NH3 was indicaed by the demonstration that anmmoniais a repellent of slugs and
culminating fruiting bodes (Bonrer et al., 1986 Feit and Sollitt o, 1987 Kosugi and Inowe; 1989
Bonrer, 1993. Because other small amines also ad as dug repellents, it is possble that the adion d
NH; is mediated by akalinization d an intracdl ular compartment (Kosugi and Inowe, 1989. The fad
that slugs will orient towards the adéd side of very stegp pH gradients may be consistent with this
(Bonrer et al., 1985. However Schag et al. (1995 observed transient inhibition by ammonia and
long term inhibition by we&k adds of adenylyl cyclase adivity, results that are not consistent in a
simple way with an akalinization mechanism for some of the adions of ammonia. As well as
perturbing signal relay and morphagenesis (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 diredly
onthe AAMP waves carying the tip adivation signal.

Although there is agreament that ammonia functions as a slug tip inhibitor controlli ng barrier
avoidance by slugs and culminating fruiting bodes, a spedfic role for it in phdotaxis and thermotaxis
has been questioned (Fisher, 199). To acmurt for slug phaotaxis and thermotaxis, light and
temperature gradients must induce acoss the slug tip sustained gradients of tip inhibitor that are
sufficient to cause turning. The seaeted inhibitor must thereby form biologicdly significant
concentration gradients in (STF) or around (NHs) the slug tip. Slugs formed at high cdl densities
shoud aacordingly be disoriented duing phaotaxis by the presence in the surroundng agar (STF) or
air (NHs) of high concentrations of these tip inhibitors. It has been shown that disorientation o slugs
during phaotaxis at high cdl densities does occur but is entirely due to STF, with nocontribution from
NH; (Fisher, 1997).

Because of the very rapid dffusion d gaseous NH3 (15 msecs to dffuse an average distance
equal to the width of a dug), only stealy state gradients maintained by sustained dfferences in
seaetion could work. An average slug seaetes a total of 2-20 fmol of NH3 per second (Bonrer et al.,
1988, sufficient only to maintain a steady state gradient in air which is 10 to 100fold shall ower
(Fisher, 199) than the minimum that slugs can deted in chemotaxis (Kosugi and Inowe, 1989.
Achievable steady state gradients would adually be even shalower, becaise the differences in
seaetion on oppeite sides of the slug tip can only be afradion d the total. It seams that lateral
ammonia gradients leading to slug turns may be of significance only when freediffusion d the gasis
restricted by close proximity of abarrier.
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Haser and H der (1992) reported that individual slug paths are straighter during phaotaxis and
during migration in darknessif adivated charcoal is present in the agar or in the lid of the Petri dish.
However, the global pattern of slug migration was littl e &feded by the charcoal, apart from arelatively
small difference dtributable to the different opticd properties of charcoal and water agar (Fisher and
Willi ams, 19811. A major influence on the small scde straightnessof slug trail sis the time frequency
and magnitude of sportaneous turning events combined with the speed of migration (Fisher et al.,
1983. If dlug migrationis dower, trail s appea less sraight because sportaneous turns are cmpressed
into shorter distances. The straighter trail s on charcoal agar could be due partly to the fad that slugs
migrate 30-60% faster when adivated charcoal is present in the ayar (Smith et al., 19839. It isunknovn
if adivated charcoal in the lid has the same dfed on speead as when it isin the agar. In any case the
results of Haser and H der suggest charcoal adsorption d a volatile metabdlite that either slows sug
migration a increases the sportaneous turning rate. In bah cases, it shoud be nated, the dfed is the
oppdasite of what might have been expeded for adsorption o NHs initsrole atip inhibitor. Similarly
surprising is the fad that if slugs are placel in a gentle ar stream, they migrate downwind (Haser and
H der, 1992 nat upwind as might have been expeded to occur because of anmonia acamulation on
the downwind side. The diredional migration d slugs under the influence of gases clealy exhibits
some &8 yet poaly understoodfedures.

The third moleaule that has been considered as a passble tip inhibitor controlli ng phaotaxisis
adenosine (Schag and Wang, 1986 Darcy and Fisher, 1990Q. It is an antagonist of CAMP signaling
whose synthesis is couded to cAMP by virtue of it being a product of cAMP hydrolysis by
phosphodesterase and 5-nucleotidase (Newell, 1982 Newell and Ross 1982 Theibert and Devreotes,
1984). Adenosine impairs dug phaotaxis and thermotaxis at concentrations consistent with the Kq (~
350 M) of the adundant low affinity adenosine binding sites in Dictyostelium membranes (van
Haastert, 1983 Darcy and Fisher, 1990Q. This suppats the suggestion that adenosine has a
morphogenetic role in slugs oppasing that of cAMP (Schagp and Wang, 1989. However the
concentrations a which it is adive ae significantly higher than those & which STF is adive, so that it
may not be the authentic tip inhibitor controlli ng phaotaxis (Darcy and Fisher, 1990Q.

Whichever of the candidate tip inhibitors (one or more) provesto pay the definitiverole in slug
phaotaxis and thermotaxis, it must do so by moduating the twisted scroll waves of CAMP in the tip.
One posshble mecdhanism would be that the inhibitor causes alateral gradient in excitability resulting in
an altered morphdogy for the wave with latera twisting or bending of the wave filament. Recent
observations by Miura and Siegert (1999 on cdl movements in the tip duing slug turning in
phaotaxis are mnsistent with altered signal geometry.

3.7. The central signal transduction components in pho totaxis and
thermotaxis are shared with other signalling pathways
controlling morphog enesis

Except for STF, which has been littl e studied, a grea ded of evidence has acaimulated that the
candidate tip adivator (extracdlular cAMP) and inhibitor (ammonia axd adenosine) moleaules
controlling phaotaxis and thermotaxis are important morphagens regulating the behaviour and
differentiation d individual cdlsin the multicdlular stages of the Dictyostelium life g/cle (for arecent
review, see Gross 1999. If slug turning behaviouwr is indeed mediated by moduation d the tip
autoadivation/inhibition system and lateral shiftsin tip pasition, then the central signalling moleaules
in phdotaxis shoud be cmmmonto behaviour and morphagenesis. Dired genetic evidencefor this was
obtained by Darcy et al. (1993, 1993 who foundthat many phaotaxis-deficient mutants exhibited ore
of two major abnarmaliti es in fruiting body formation - either the formation d stumpy fruiting bodes
with littl e or no stalk, or of multiply tipped culminants with severa stalks but few if any spores. Since
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the prestalk cdls reside in the tip, these phenotypes are suggestive respedively of impaired tip
adivation andinhibition pathways.

Identificaion d the central signalling moleaules invalved in these pathways requires in vivo
perturbation d the adivities or concentrations of the moleaules concerned. This can be dore ather
pharmalogicdly by observing the dfeds of (hopefully) spedfic inhibitors, or geneticdly by
observing the dfeds of spedfic mutations. Both approaches have been used in the study of
Dictyostelium slug phaotaxis and the results confirm that many of the central signalling moleaules
involved in phdotaxis and thermotaxis are dso important for norma multicdlular morphogenesis. In
the following sedions | summarize pharmaalogicd and genetic evidence for the identities of centra
signalling moleaules in slug behaviour that so far indicaes roles for the CAMP recetors CAR3 and
CARA4, the heterotrimeric G proteins Gaibg, Gaang Gazbg @8Nd Gasgng the smal GTP binding protein
RasD, the signalli ng protein glycogen synthase kinase 3 (GSK 3), the seand messengers Ca?*, cCAMP,
cGMP and inositol polyphaosphates along with associated proteins, the o/toskeletal protein ABP-120
and the mitochondia.

4. Pharmacological analysis

Pharmaoologicd data has been used to suppat postulated roles in phdotaxis for extracelular
cAMP signals, for heterotrimeric G proteins and for the intracdlular second messengers Ca?* and
inasitol payphasphates. Thus, Darcy and Fisher (1990 reported that phaotaxis (and thermotaxis) are
impaired by agents that perturb extracdlular CAMP signalling, namely ammonium salts, cdfeine,
adenasine and the slowly hydrolysable AAMP analogue, CAMPS The cnclusion that extracdlular
CAMP signals participate in the control of slug phaotaxis has snce been further suppated by the
phenatypes of mutants ladking the CAR3 ar CAR4 cAMP receptors (seebelow).

In suppat of a role for heterotrimeric G proteins, Darcy and Fisher (1989 found that slug
phaotaxis is impaired by pertusss toxin which spedficdly ADP-ribosylates and inadivates osme
classes of G-protein a subunt. Dohrmann et al. (1984 also reported that fluoride ions have dramatic
effeds on slug behaviour and, by analogy with ather organisms, suggested adenylyl cyclase & the
possble target. In fad, with hindsight it is clea that the g/clase in ather organisms is not the direa
target, bu the G-protein a suburnt which adivates it. Presumably, ore or more G-proteins are the
targets for fluoride ions in phdotaxis. Deranged phdotaxis in spedfic Dictyostelium G-protein
mutants has now confirmed that these proteins play essentia rolesin slug behaviour (seelater).

As evidence for a role for Ca?* signalling, Dohrmann et al. (1984 reported the detrimental
effeds of EGTA (Ca’" chelator) and addition d extra Ca?* on slug phatotaxis and thermotaxis. This
conclusion remains reasonable, espedally since the slug tips do exhibit high levels of intracdlular
membrane-asociated and free Ca®* as well as unwsua rotating Ca’* waves (Maeda and Maeda, 1973
Tirlapur et al., 199% Saran et al., 1994 Cuhitt et al., 1995.

Darcy and Fisher (1989 reported pharmaclogicd evidence from the inhibitory effeds of
lithium ions that inositol poyphaosphate signalling may play a ceatral role in phdotaxis and
thermotaxis. At the time it was widely believed that severa enzymes involved in incsitol
payphaosphate metabolism were the relevant physiologicd targets for Li* in bah mammalian cdls and
in Dictyostelium. Indeed the half-maximal effed of Li* onslug behaviour occurred at concentrations as
low as 0.25 mM, which compared well with the observed half-maximal inhibition d several
Dictyostelium inositol polyphasphate phosphatases at Li* concentrations from 0.24 mM (Ins(1,4,5P;
phosphatase) to 2.5 mM (van Lookeren Campagne et al., 1983. When the gene encoding
phasphdipase C (whose adivity liberates Ins(1,4,9Ps) was disrupted (Drayer et al., 1994, phdotaxis
and thermotaxis were unaff eded, suggesting that the Li+ effeds may nat have resulted from perturbed
incsitol payphosphate metaboism after all (Fraser and Fisher, unpultished). However there ae
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aternative phosphdipase C-independent routes for Ins(1,4,5P; production and aher inasitol
polyphaosphates also are known to play signalling roles (van Dijken et al., 1996. Nonetheless recent
work in Dictyostelium and in ather organisms suggests that glycogen synthase kinase 3 (GSK3) may in
fad be the relevant biologicd target for Li*, not inositol polyphosphatases as originally thought
(Hedgepeth et al., 1997. This means that until appropriate mutants have been tested, bah the inasitol
payphosphatases and GSK 3 must be mnsidered as potentially relevant targets for Li* in phdotaxis.

5. Genetic analysis

Although pharmaamlogicd analysis has proved useful as a means of in vivo perturbation d the
adivities of potentially relevant signaling moleaules in phdotaxis, it has suffered from unavoidable
uncertainties regarding drug accessand spedficity. This problem islessaaute in genetic analysis based
on the study of mutant phenotypes. As described below, bah classcd and moleaular genetic
techniques have been brought to bear on the functional diseedion” of the signalli ng pathways involved
in Dictyostelium slug behaviour.

5.1. Classical genetics

From the ealy 70s through to the late 80s a range of classcd genetic techniques and markers
were developed for D. discoideum based onthe parasexual genetic cycle in which diploids (14 genetic
linkage groups) resulting from rare fusion d haploid cdls are seleded and subsequently haploidized to
yield progeny beaing new assortments of parental linkage groups (Welker and Williams, 1982
Loomis, 1987%. This alows graightforward assgnment of mutant genes to linkage groups because
markers on dfferent linkage groups reassort (segregate) into haploid progeny independently of eat
other. The diploids are sufficiently stable that their phenctypes can be studied in complementation
tests, allowing assgnment of mutant alleles to loci. Ordering of markers on chromosomes is posshble
(but tedious) based on the low frequency of mitotic cossng over in the diploid state. Large scde
chromosome rearangements also occur and can be deteded geneticdly (Welker and Willi ams, 1981
1985 Williams et al., 1980 Welker et al., 1989. Diploids homozygous at all loci and isogenic to
correspondng haploids can be isolated and studied to determine the dfed of the diploid state per se on
particular phenatypes (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 ahers
were isolated and studied phenctypicdly in the ealy 80s (Fisher and Willi ams, 198%; 1982 Schneider
et al., 1982, the first systematic genetic study of phaotaxis was reported oy recantly (Darcy et al.,
1993 1994). Over 20 mutants were daraderized phenctypicdly in relation to phdotadic and
thermotadic behaviour, morphdogicd defeds and the newly discovered cGMP resporses to light and
warmth (Table 1) (Darcy et al., 19940). All but one of the phaotaxis mutants reported to date have
been impaired in pasitive thermotaxis as well, demonstrating ealy conwvergence of the signal
transduction pathways from the phaorecetor and thermoreceptor (Figure 6). Two thermotaxis
mutants isolated after chemicd mutagenesis have been reported to be unaltered in phdotaxis. Onefail s
to exhibit negative thermotaxis at low temperatures (Schneider et al., 1983, whil e the other shows the
more commonly observed defed in pasitive thermotaxis at temperatures around the growth
temperature (Darcy et al., 1994). The latter mutant, HPF228,and a carC disruptant (seelater) are the

™ For the purposes of genetic analysis, aphaotaxis gene is operationally defined as one that encodes a product whose adivity at
wildtype levelsis necessary for normal phatotaxis. This necessarily pragmatic definition clealy includes genes whaose importancefor
phatotaxis may be only indired. Such pleiotropy is norethelessinformative, asill ustrated by the dfeds of disruption d the
mitochondrial large ribosomal RNA gene (seelater).
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only known strains with defedive paositive thermotaxis but normal phaotaxis and they reved the
existence of gene products invalved in thermotransduction grior to convergence of the thermosensory
and phdosensory pathways. Taken together the data demonstrate that, although light and warmth are
sensed separately, turns towards them are under the cntrol of the same signal transduction pathway.

Figure 6. Phenotypes of Dictyostelium discoideum slug phototaxis mutants.

Reproduced from Figure 1 of Darcy et al.
(19949). The phenotypes of wil dtype strain
X22 (I ) 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) adivated
charcoal to absorb stray light) are shown
after plotting from a cmmon origin with
the diredion towards the light sourceto the
right of the Figure. (b) Thermotaxis by
slugs migrating in an 0.2°C/cm gradient at
temperatures ranging from about 14°C (T =
1) to about 28°C (T = 8). Growth
temperature was 21°C. The aceragy of
thermotaxis (k) is a statisticd measure of
how concentrated individual diredions are
around the mean diredion (towards the
warmth or towards the old). The
convention is foll owed that positive values
refled movement towards the warmth and
negative values movement towards the ald. Verticd bars represent 90% confidencelimits. The scde of the Y -axis required
to acommodate the very acarate thermotaxis at T=4 by the wil dtype slugs obscures the fad that at T=2, both mutants had
arealy switched to significant negative thermotaxis (towards the wld) while the wildtype slugs sowed no significant
orientation at this temperature. (c) Accuracy of phototaxis on charcoa agar versus cdl density at which the slugs were
formed. Phototaxis becomes lessacairrate & high cdl density because of the excretion into the medium of high levels of
Slug Turning Fador (STF) which interferes with phototaxis. (d) Preferred dredions of migration (+a) either side of the
light source in phototaxis by the two phototaxis mutants versus cdl density. The wil dtype X22 is not shown as a was 0° at
al cdl densities. At high cdl 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 diredions as dugs migrated away from this
region.

Table 1. Genesimportant for Dictyostelium phototaxis and thermotaxis.

“Gene Linkage Mutant Mutant _ Parental Mutant phenotypes
aroun adlele sfrain
Thermo-  cGMP Morphdogy ~ Comment
taxis resporses & migration
phoA v phoA2315 HU407 DuU584 - 1] + Requires
phoB2316
phoB VI phoB2316  HU407 DU584 - 1] + Requires
phoA2315
phoC VI phoC2307 HPF9 X22 - i Mtp mtp-2302 on Il +
mtp-2303on VI
phaD IV phaD2317 HPF3 HU1628 - 1] +
phoE [ phoE2305  HPF7 X22 - I Stp’ stpA23000n I
phoE2308  HPF11 X22 - I Stp’ stpA2301on I
phoF VI phaF2306  HPF8 X22 - 1] Mtp mtpA2300o0n |1l +
mtpB2301on VI
phoG V phoG2309  HPF12 X22 - 1l Stp stpB23020n V
phoH Il phoH355  HU409 X22 - vV + Small slugs
phad 1] phol2301 HPF2 X22 - v +
phal IV phal2304  HPF6 X22 - | Mtp,Mig  mtpD2304 +
migA23000n IV
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phal2313  HPF16 X22 - Il Mtp,Mig  mtpD2305 +

migA2301on IV
phaK V phakK2300 HPF1 X22 - 11 +
phoK2311 HPF14 X22 - 11 +
theA I theA2300 HPF13 X22 - N w IV Mig migB2302 on I,
probable
unmapped pho
mutation
theB Vil theB2301 HPF228 X22 - IVw L Mig migC2303on VII
pho I pho-2319 HPF229 X22 - I + Complementation
testsfor linkage
I pho-2303 HPF5 X22 - Il + group Il loci is
I pho-2318 HPF230 X22 - Il + difficult in X22
I pho2314  HPF17 X22 - v + badkground.
pkaR I eanA/pkaR  EcmA:Rm AX2 ? ? Mig (small slugs + slow migration),
fusion culmination arrested.
gelA I gelA1000 HG1264  AX2-214 - ? Mig (delayed development,

premature allmination), amoeboid
motility slightly deranged.

mhcA IV TripleAla  HG1555  AX2 +/- ? Ala replace the 3 phosphorylatable
Thr in the tail domain. Null mutants
arrest at tip formation
carC [ disruption carC AX3 - ? Phototaxis dightly or not aff eced.
carD 1] disruption  carD AX3 - ? Reduced prestalk (tip) region with
mislocdized prespore cdls.
gphA I gpA*™ HPF354 LW6 - ? Overexpresser of wildtype G, in a
Gp-null background.
gpbAl HPF355 2 2 Temperature-sensiti ve mutant all eles
gpbA2 HPF356 2 2 in a Gy-null badkground.
gpaA v disruption gal null AX3 +/- ? Overexpresson of continuously
adive form inhibits tip formation.
gpabD v disruption  ga4 null AX3 - ? Transduces sgnals from folate and
pterin receptors.
gpaG Il disruption Lwi JH10 - ?
gpaH v disruption LW3 JH10 + ?
rasD VI disruption rasD’ AX3 - ? Overexpresson of  continuously
adive formyields Mtp” phenotype.
rnlA MtDNA disruption HPF231 AX2 - I Slightly slower growth.
hspA Vi antisense HPF334 AX2 - ? Slow growth.
inhibition

Gene (locus) and mutant all ele designetions foll ow the standard style for this organism - an italicized, lower case, three
letter code indicaing the primary phenotype or protein associated with mutant all eles of that gene, foll owed by an italicized, upper
case letter indicaing the spedfic gene (locus). The wrresponding phenotype is indicated by the mrresponding ron-italicized
code, with the first letter capitalized and a superscript to indicate mutant (7) phenotype. An italicized arabic number following the
locus designetion indicates the particular, usually mutant, allele and is normally simply a unique number assgned at the time of
mutant isolation. A hyphen in placeof an upper case letter indicaes that the mutant all ele has not been assgned to a spedfic locus
eg. by complementation tests. Mutant all eles 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 fador 120 (ABP-120, 120kD adin binding protein); ean -
extracdlular matrix protein (eamA, extracdl ular matrix protein A); stp - stumpy fruiting body morphology (littl e or no stalk); mtp -
multi ple tips on aggregates/fruiti ng structures; mig - short migration path in phototaxis/thermotaxis experiments; mhcA - myosin ||
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 - smal GTP-binding protein of the Ras aubfamily; rnlA - mitochondria large subunit rRNA; hspA -
chaperonin 60. Genes in the upper portion of the table were identified by clasdca genetics, those in the middie and lower portions
by moleaular genetic methods. Genes in the lower portion encode essential mitochondrial proteins.

In the table the phenotypes of the mutants are indicaed as follows. Thermotaxis: -, impaired; +/-, slightly or not impaired; ?,
unkrmown. cGMP responses in postvegetative anoebae |, wildtype; Il , cGMP responses to light and warmth abali shed; IIl , cGMP
increese dter strong stimuli abalished; 1V, cGMP responses to strong and wegk stimuli i nverted (seeFigure 7). Subscripts | and v
indicae phenotypes edficdly relating to the light or warmth stimulus. Absence of a subscript indicates responses to bah stimuli
combined. Morphology and migration: +, wil dtype; - mutant for the indicated phenotype.
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The mutant phenotypes have provided genetic evidencethat cGMP is an important intracdl ular
second messenger in signal transduction duing phaotaxis and thermotaxis. Recent work reveded a
relatively slow (peek after about 1 minute, compared to 10seconds for CAMP stimuli) cGMP resporse
to light and to warmth (Figure 7) (Darcy et al., 1994h. The response was either positive (a 2-fold
increase) or negative (a 2-fold deaease) depending on the strength o the stimulus (light intensity or
warming rate) so that cGMP resporses to these stimuli exhibit sign reversals analogous to the
behavioural sign reversals. In the parental strain X22, the dcGMP resporses to light and warmth
remained urdltered duing aggregation and in the slug stage. Becaise of the technicd difficulty of
perfoming cGMP assays at the slug stage, the mutants were therefore dharaderized with resped to
cGMP resporses in postvegetative anoebae Altered resporses in the mutants may therefore better
refled signal transduction pathways at this dage of development than in slugs. Nonetheless most
phaotaxis mutants showed impairment of the pasitive respornse and in some this was acompanied by
impairment of the negative resporse, while afew showed wil d-type dGMP resporses (Figure 7, Table
1) (Darcy et al., 19941). One mutant, defedive in thermotaxis only (HPF228, theB2301), showed
altered cGMP resporses to warmth bu wil d-type resporses to light. The results indicae that signals
from the phaoreceptor and thermoreceptor converge before regulation d the dcGMP resporses and
orientation kehaviour in bah phdotaxis and thermotaxis. Thisis the first of the second messengers to
have been systematicdly studied in thisway in a @lledion d phaotaxis mutants. A similar study on
chemotaxis mutants confirmed the drealy considerable evidence for a role for cGMP in signal
transduction duing chemotadic eggregation (Kuwayamaet al., 1993.

Many of the mutant phaotaxis (pho) loci are asciated with morphdogicd defeds in the
fruiting bodes and/or with short migration (mig) paths of slugs (Darcy et al., 1993 1994) (Table 1).
The short migration paths may be due to delayed development, slower movement and/or ealier
adedsions® by the slugs to ceae migration and culminate to form a fruiting body. The two major types
of morphdogicd abnamality observed in asociation with mutant pholoci are the formation d short,
stumpy fruiting bodes containing spores but little or no stalk (stumpy, stp) and the formation o
fruiting bod es with abnarmal, multiple stalks (derived duing culmination from multiple tips) and few
or no spores (multiple tips, mtp). In the grea majority of cases the morphdogicd and slug migration
defeds mapped to the same linkage group as the mutant pho all eles and thus were probably caused by
pleiotropic dfeds of these dleles (Darcy et al., 1993 1994). In the cae of phdE/stpA on chromosome
Il and phad/mtpD onlinkage group 1V this was aimost certainly so, as independently isolated mutants
in these loci showed the same combination d behavioural and morphdogicd phenctypes mapping to
the same cmplementation group onthe same diromosome (Darcy et al., 1994). The conclusionto be
drawn from this genetic analysis is that the proteins involved in signa transduction duing slug
phaotaxis and thermotaxis a'so play criticd rolesin nama morphogenesis and dfferentiation into the
final fruiting body (Darcy et al., 1994) as predicted from the tip adivatior/inhibition model for slug
turning behaviour (Fisher et al., 1984.

5.1.2. Genetic analysis of mutant pho loci.

The genes resporsible for the behavioural and morphdogicd defeds of phaotaxis mutants
have been mapped and assgned to abou a dozen loci distributed over al seven genetic linkage groups
(Table 1), including the dusive linkage group V which had previously evaded genetic detedion,
despite dea cytogenetic evidence of its existence (Darcy et al., 1993 1994, Welker and Willi ams,
198Q 1981 1985 Williams et al., 1980 Welker et al., 1982 Zada-Hames, 1977 Robson and
Williams, 1977. Note, however, that recent physicd mapping of the genome faled to deted a
chromosome @rrespondng to linkage groupV (Kuspa and Loomis, 1996 Loomis et al., 1995. Since
the gytogenetics and genetic experiments were performed in dfferent genetic badkgrounds from the
physicd mapping work, the discrepancies may be explained by chromosome fusior/splitti ng eventsin
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. (1994h. Cyclic GMP responses to awedk (n) or strong (I ) combined
stimulus of light/hea in amoebae of the parental strain X22 a a phototaxis mutant from ead of the four observed
phenotypic dasses. HPF229 - Class| , wildtype dGMP response; HPF5 - Class|l, cGMP responses to bah strong and
wedk stimuli abolished; HPF3 - Class lll , cGMP increase dter a strong stimulus impaired, but deaeesse dter a weak
stimulus normal; HPF2 - ClassIV, cGMP responses inverted ie. cGMP deaeases after a strong stimulus and increases after
awed stimulus (the inverse of the wil dtype responses). Strong stimuli were empiricaly defined with resped to light as 65
lux awhite® light from a tungsten bulb and with resped to warming as a warming rate of 0.033 °C/min. Wedk stimuli were
empiricaly defined as 33 lux light and 0.017°C/min warming rate.

It isclea from the genetic analysisto date that the number of genesthat can be mutated to yield
viable cdls able to aggregate and form slugs with defedive phaotaxis is most probably around 20 but
could be @ high as55 (Darcy et al., 1994). This conclusionis based onthreelines of evidence

1. The frequency with which Pho mutants are isolated (1/400) under standard condtions of
chemicd mutagenesis is abou 25 fold higher than expeded for a single gene (Darcy et al.,
1993 1994).

2. The frequency with which Pho mutants are isolated (1/600) by nontargeted dsruption with
integrating plasmid DNA is abou 20 fold higher than expeded for a single gene (Wil czynska
and Fisher, 1999.

3. Thefrequency of genes represented by single mutants only (6/12) in a olledion d assgned
loci, yielded a maximum likelihoodestimate of 17 genes in the pod of geneticdly detedable
pholoci. Threeloci (one of them on linkage group V) were foundto be eat represented by two
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independent mutants. This frequency is also consistent with perhaps 20 pho loci that can be
deteded by mutant isolation and genetic analysis (Darcy et al., 1993 19949).

Twenty phaotaxis genes would be an uncerestimate if some diromosoma pho loci are dso
necessary for aggregation (eg gpbA, see below) or cdl growth and dvision. Such loci would na be
detedable by standard methods for phaotaxis mutant isolation. At least twenty pho loci might be
expeded based onthe complexity of known signal transduction pethways. There is pharmaaologicd
and/or genetic evidence that CAMP (Darcy and Fisher, 199Q Bonrer and Williams, 1994, cGMP
(Darcy et al., 19941, IP; (Darcy and Fisher, 1989 and Ca?* (Dohrmannet al., 1989, G-protein (Darcy
and Fisher, 1989 Fraser and Fisher, unpulhished) and Ras (Fraser and Fisher, unpubli shed) signalli ng
pathways are involved in slug phaotaxis. This being so, ore rapidly arrives at quite large estimates of
the number of genes that might be necessary for normal phaotransduction and kehaviour.

The genetic analysis of phaotaxis reveded a Pho phencotype in the multiply marked &ester®
strain HU407 wsed in crosses with the phaotaxis mutants (Darcy et al., 19943). This phenotype was
due to mutant alleles of two loci, phoA and phaB, onlinkage groups IV and VI respedively, bah o
which were required for expresson d the Pho phenotype. The simplest explanation is that the
products of these two loci may be ale to substitute for ead ather functionally. This could occur, for
example, if the two genes were homologs encoding similar proteins. Such multigene families are
common in Dictyostelium as in ather eukaryotes, with the CAMP receotor genes (carA-D) (Saxe et al.,
1991), adenylyl cyclase genes (acaA, G) (Pitt et al., 1992, G protein a subunt genes (gpaA-H) (Wu
and Devreotes, 199) and the large adin gene family (Romans and Firtel, 1985 being notable
examples that could include genes necessary for phaotaxis (seebelow).

5.2. Molecular genetics

5.2.1. Phototaxis genesidentified by targeted mutagenesis

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

5.2.1.1.cCAMP recetor genes

The evidence that extracdlular CAMP waves cary the tip adivation signal was described in a
previous dion. Four CAMP receptor genes (carA-D encoding the 7-transmembrane domain receptors
CAR1-4 respedively) have been cloned, sequenced and dsrupted (Klein et al., 1988 Saxe lll et al.,
1991, 1993 Johrson et al., 1993 Louis et al., 1999. The CAR1 receptor mediates chemotadic
aggregation and dsruption d carA therefore prevents multi cdlular development. The carB gene seans
likely to be important for slug behaviour since it is expressed in tip cdls and its disruption arrests
development at the point of tip formation. Unfortunately this means that slugs are nat formed so that
these mutants canna be tested for aberrant slug behaviour. However carC and carD disruptants will
form slugs and they are impaired in slug orientation kehaviour (see Table 1), confirming the centra
role played by extracdlular CAMP signals in slug phaotaxis and thermotaxis (Fraser and Fisher,
unpubished). CAR4 is expressed preferentially in tip cdls and ndl mutants produce slugs that have
reduced prestalk (tip) and enhanced prespore regions, with some of the prespore cdls mislocdizing
into the stalk at culmination (Louis et al., 1999. CARS3 is expressd in al cdls in the slug but
preferentially in prespore/spore cdls at culmination (Y u 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 phaotaxis is pkaR which encodes the regulatory
suburit of protein kinase A (PKA). Harwood and Willi ams and coworkers howed that overexpresson
of a AAMP-insensitive mutant form (Rm) of the inhibitory suburnit of protein kinase A (pkaR) resultsin
cdls lacking adive protein kinase A, becaise AAMP fails to relieve the heterodimeric holoenzyme
from inhibition (Harwood et al., 1992b). Congtitutive expresson leals to defeds in CAMP signal
relay (CAMP synthesis and seaetion in respornse to CAMP) but not chemotaxis, so that the cdls are
unable to aggregate or form slugs. Expresson d the mutant pkaR under the wntrol of the eanA
promoter restricts its g/nthesis to anterior (PstA) cdls and allows aggregation and slug formation.
However the dlugs that form exhibit impaired phdotaxis as well as deranged multicdlular
development (Bonrer and Willi ams, 1994. Since AMP normally fulfil s its sscond messenger role by
regulating protein kinase A, the phaotaxis deficient phenotype of these slugs indicaes a seand
mesenger role for CAMP in phdotaxis. It is aso possble that the dfeds of phenotypic protein kinase
A deficiency are indired, resulting from slug tip abnamaliti es due to effeds on cdl differentiation and
morphagenetic movements within the slug (Bonner and Willi ams, 1994.

5.2.1.3.Genes encoding cytoskeletal proteins

Increases in cytosolic Ca?* can ocour by influx from the extracdlular medium or by release
from intracdlular stores. In ather eukaryotes the second messenger inasitol 1,4,5triphcsphate (InsPs)
triggers Ca’* release from the endopasmic reticulum and this is  for Dictyostelium as well (Europe-
Finner and Newell, 1986. At present the evidence for Ca?* and inositol polyphasphate signalling in
slug behaviour is pharmamlogicd - EGTA (Dohrmann et al., 1989 (Ca®* chelator) and Li* ions
(Darcy and Fisher, 1989 (inhibitor of severa key enzymes in inositol payphaosphate oycling) impair
phaotaxis and thermotaxis when present in the extracdlular medium during slug formation and
migration. Of the known Ca?* binding proteins that might be relevant, several have been examined
geneticaly for rolesin phdotaxis. They are the Ca?*-regulated adin binding proteins (for recent review
see Schleicher et al., 1995 - the caping/severing protein severin and the adin crosdinkers a-adinin,
fimbrin (or plastin) and the 34 kD adin-bunding protein. Mutants lading these proteins are unaffeded
in development and behaviour at the unicdlular and multi cdlular stages, including slug phaotaxis and
thermotaxis (Fisher et al., 1997 Wallraff and Wallraff, 1997. Thus the role of Ca®* as a second
messenger in slug behaviour may not be primarily via regulation d these particular adin-binding
proteins. Other cytoskeletal proteins that have been shown na to be required for normal phaotaxis are
hisadophilin and protovilli n (Schleicher and Fisher, unpulti shed).

One doned gene encoding a oytoskeletal protein that did proveto be important for phatotaxisis
gelA (or abpC (Kuspa and Loomis, 1996 ) encoding the 120 KD F-adin crosslinking gelation fador
(or ABP-120) (Brink et al., 1990Q. In the murse of classcd genetic studies of chemicdly-induced
mutants affeded in the gene encoding this protein, Wallraff and Wallraff (1997 discovered that the
mutants exhibit a phaotaxis deficient phenotype and that the slugs migrate shorter distances than wil d-
type dugs, a least partly becaise aggregation and slug formation is dower while cessation o
migration and fruiting body formation cccurs orer. The passhility that the slugs a'so migrate more
slowly has nat been tested. Fisher et al. (1997 foundsimilar defeds in mutants in which the ABP120
gene had been disrupted. Both the chemicdly-induced mutants and the disruptants are dso deficient in
thermotaxis (Fisher et a., 1997. In cAMP-stimulated aggregation competent amoebae incorporation
of adin into the triton-resistant cytoskeleton is defedive (Noegel et al., 1989 Brink et al., 199Q Cox
et al., 1992. Mutant amoebae ae reported to exhibit basicaly normal chemotaxis and motility (Noegel
et al., 1989 although they move dlightly more slowly and exhibit subtle éonarmalitiesin cdl shape, in
extension d pseudopoda (Cox et al., 1992 and in the periodicity of CAMP waves during ealy
development (Rivero et al., 1999.
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The 120 KD protein is not one of the Ca?* regulated adin hinding proteins, so that the means by
which signals from receptors might interad with this cytoskeletal protein remain unknavn. However,
the related human protein ABP-280 is apparently regulated by phosphaylation (Ohta and Hartwig,
1995, 1995 and is itself necessary for SAPK (stressadivated protein kinase) adivity in protein
phospharylation cascades that are initiated by the extracdl ular signals lysophasphatidic aéd and tumor
neaosis fador a (Marti et al., 1997). Both proteins contain an N-terminal adin-binding domain of the
a-adinin/spedrin family followed by arod damain consisting of multi ple repeaed segments that have
been shown (in ABP-120) to exhibit immunaoglobuin-like folding (Fucini et al., 1997 and (in ABP-
280 to interad with ather proteins such as SEK-1 (which phasphaylates SAPK) (Marti et al., 1997
Ohta et al.,, 1991 Andrews and Fox, 199). It was therefore suggested that ead repeded
immunaglobuin-like fold of ABP-120 (and ABP-280) might mediate spedfic binding interadions
with particular proteins (Fisher et al., 1997. Thus Dictyostelium ABP-120 could interad spedficdly
with ather proteins in the phaosensory and thermosensory transduction pethways including the
receptors, could be necessary for spedfic protein phaspharylation cascades in transduction d signals
from these receptors to the gytoskeleton, and could itself be regulated by phospharylation.

The mhcA gene on chromosome 4 encodes the myosin Il heary chain, ancther cytoskeletal
protein which proved to play a role in slug phaotaxis. Disruption a antisense inhibition d mhcA
impaired (Wessls et al., 1983 but did na abdish motility and chemotaxis by individual
Dictyostelium amoebae (de Lozanne and Spudch, 1987 Knedt and Loomis, 1987%. However, myosin
Il isrequired for slug formation (Shelden and Knedit, 1995 so that slug behaviour canna be tested in
myosin II-deficient strains (unlike ABP-120which is essentia for multi cdlular morphagenesis only in
the simultaneous absence of a-adinin). Nonetheless multicdlular development does proceeal in a
myosin Il null mutant that has been rescued by expresson d a mutant myosin in which aanines have
replacal the three phospharylatable threonines in the C-terminal tail region d the protein (Egelhoff et
al., 1993. Phosphaylation of the myosin at these sites in the wil dtype protein inhibits myosin thick
filament asseembly and assciation with the triton-insoluble ojtoskeleton (Kuczmarski et al., 1987
Egelhoff et al., 1993. Although slugs are formed by a mutant strain which has the threethreonine to
alanine substitutions (HG1555, kndly provided by G. Gerisch), their phaotaxis isimpaired suggesting
that myosin phaspharylation and dsassembly from the g/toskeleton day important roles in phdotaxis
(Fraser and Fisher, unpulti shed).

5.2.1.4.Genes encoding heterotrimeric and small GTP-binding proteins

Darcy and Fisher (1989 reported that phaotaxis is impared by pertusss toxin, which
spedficaly ADP-ribosylates the a suburits of some dasses of heterotrimeric GTP-binding proteins (G
proteins). Together with the dfeds of fluoride ions on phdotaxis and thermotaxis (Dohrmann et al.,
1984), these results provided pharmaaological evidence that one or more G proteins play important
signdling roles in slug behaviour. This conclusion hes now been confirmed geneticdly. In
Dictyostelium 8 dfferent G protein a subunt genes (gpaA-H) (Pupillo et al., 1989 Kumaga et al.,
1989, 1991 Hadwiger et al., 1991 Wu and Devreotes, 1991, Cubitt et al., 1992 and asingle b suburnit
gene (gpbA on chromosome 2) (Lilly et al., 1993 have been reported. Disruption mutants have been
isolated for al except Ga6 and d these, the strains deficient in Ga1457 or 8 @€ &le to form slugs.
Testing these mutants (kindly provided by P. Devreotes and R. Firtel) for phaotaxis and thermotaxis
showed that G5 is nat required for either of these behaviours, while eat of Ga147 and s @€ nealed, to
different degrees, for one or both of them (Fraser and Fisher, unpullished; Table 1). G;; and Gaq
appea to play mgjor rolesin phdotaxis sncetheir absence had the greaest impad onthis behaviour.

Like many other gene products that are esential for normal slug phaotaxis, some of the G
protein a subunts are dso important for multicdlular morphogenesis. Thus Richard Firtel and
coworkers reported that overexpression d Gal(G45V) a ontinuowsly adive mutant al suburit
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prevented prestalk cdls from forming a tip (Dharmawardhane et al., 1994 Rietdorf et al., 1997. In
chimaeic slugs formed from mixtures of wil dtype and mutant cdls, the cdls expressng the mutant a
subunt were excluded from the tip. These results are those that might be expeded if G,1 transducestip
inhibition signals. Overexpresson d the wil dtype al subunt has more subtle dfeds on expresson o
genesin thetip region that are dso consistent with this hypothesis (Dharmawardhane et al., 1999. Ga4
is known to transduce signals from folate-spedfic receptors for chemotaxis in vegetative anoebae ad
from pterin receptors later in development (Hadwiger et al., 1999, raising the paosshility that
Dictyostelium slugs may use pterins as extracdlular signals in the multicdlular stages. Dictyostelium
discoideum produces dictyopterin, a natural isomer of L-biopterin, throughou development but
maximally in growth phase and pastvegetative anoebae (Klein et al., 199Q Giitlich et al., 1996. The
posshility that dictyopterin plays a signalling role in slug behaviour has not been tested and it is
paossble that the a4 subunt transduces sgnals from other, as yet unknowvn receptors. The G,4 nul
mutant exhibits deranged multi cdlular morphagenesis beyond the slug stage (Hadwiger et al., 1999.
No owert phenatypes have been reported to result from disruption d the gene encoding either thea7 or
the a8 suburnit, athough overexpresson d G,; causes abnama morphogenesis beginning at the slug
stage (Wu et al., 1999.

Verificaion d the esential role of heterotrimeric G proteins was also oltained using
expresson vedors encoding either wildtype or one of two mutant temperature-sensitive G, suburits
kindly provided by T. Jin and P. Devreotes (Jin et al., 1998. Overexpresson d the wil dtype b suburnit
in aGp-null strain rescued development (Jin et al., 1999, bu the slugs exhibited sli ghtly or moderately
deranged phdotaxis and thermotaxis (Fraser and Fisher, unpullished). Similar phenotypes resulted
from overexpresson at the permissve temperature (21°C) of either of the temperature-sensitive b
suburits (encoded by the mutant alleles gbpAl and gbpA2), bu development was not rescued at the
restrictive temperature (27°C). If these strains were dlowed to develop at the permissve temperature
and then shifted to 27°C, phdotaxis becane severely disoriented (Fraser and Fisher, unpubished).
These results confirm geneticdly that heterotrimeric G proteins are essntial for norma slug
behaviour.

The ras genes encode afamily of small GTP-binding proteins that play essential signalling
roles in metazoan growth and development. Continuowsly adive mutant Ras proteins have been
implicated in deregulation d growth in malignant transformation (McCormick, 1994. Dictyostelium
discoideum has 6 dfferent ras genes (Reymondet al., 1984 Robhins et al., 1989, 1990 Dani€l et al.,
1993, 1994 The first of these to be discovered, rasD (originally caled Ddras) on chromosome 6, is
expresed in tip cdls and when a ontinuowly adive mutant form of it (RasD[G12T]) is
overexpressed, multiti pped aggregates form that contain mostly prestalk cdls and fail to proceel to
culmination (Reymond et al., 1986 Louis et al., 1997. RasD is invaved in transduction d cAMP
signals that adivate ERK2 (Extracdlular signal Regulated Kinase 2) in aggregation competent cdls
(Knetsch et al., 1996 Aubry et al., 1997. The phenotypes associated with RasD[G12T] expresson
suggest that the wil dtype RasD protein may function in transduction d tip adivation signals. That it
plays an important role in slug phaotaxis and thermotaxis was shown by the fad that these resporses
areimpaired in arasD nul strain, kindy provided by G. Weeks (Fraser and Fisher, unpulhi shed).

5.2.2. Arolefor mitochondria revealed by nontargeted gene disruption

Receit developments in the moleaular genetics of Dictyostelium discoideum make an
aternative route to identificaion o genes important for phaotaxis possble. Instead of proceeding
from a known protein to the gene and thence via disruptants to the mutant phenctype, nortargeted
disruption d genes important for phaotaxis allows reseach to begin with a mutant phenatype, using
the sequences inserted into the gene a amoleaular tag to fadlit ate itsisolation.

Page 24



Two methods for nontargeted gene disruption have been described - REMI (Restriction
Enzyme Mediated Insertion) (Kuspa and Loomis, 19929 and nonargeted, recombinational integration
of plasmid (RIP) (Wilczynska and Fisher, 1994. In bah methods a plasmid vedor is used that can be
inherited stably in Dictyostelium only if integrated into the genome. REMI has nat yet been used to
isolate phaotaxis deficient mutants, bu RIP disruption o pho genes was reported recently
(Wilczynska and Fisher, 1994. The disrupted gene was recmvered from one of the mutants (McMahon
et al., 19969 and subsequently shown to be rnlA, the mitochondia large suburit rRNA gene
(Wilczynska et al., 1997. That disruption d this gene was resporsible for the phaotaxis deficient
phenaotype was demonstrated by experiments in which pations 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 mitochondia genomes in cdls of both the original mutant
and the targeted dsruptants.

Because of the esential role of the large subunt rRNA in protein synthesis (Noller, 1993, it is
expeded that disruption d this gene by plasmid insertion would result in defedive mitochondia
ladking the mitochondially encoded proteins esential for normal function. Thus these mutants may
have reveded arole for the mitochondiain signal transduction. This is consistent with recent reports
of mitochondia Ca* transients that arise in concert with cytosolic Ca®* resporses to hamonal stimuli
in mammalian cdls (Rizzutto et al., 1999, and with the observation that impairing mitochondial
eledron transport functions moduates cytosolic Ca®* waves (Jouaville et al., 1995. Of the various
second mesengers that seem to play a role in slug phaotaxis, ofly Ca®" is known to mediate
communicaion ketween the mitochondia and the g/tosol in this way.

While dl of the mitochondia mutants exhibited severe defeds in bah phdotaxis and
thermotaxis, only some were impaired in growth. This suggests that signal transduction is more
sensitive than ather cdlular adivities to the presence of defedive mitochondia and may help explain
the pathology of human mitochondia diseases (Grossman and Shoulridge, 1999. Most of these
disorders are daraderized by the presence in cdls of a subpopuation d defedive, mutant
mitochondia. The most commonly affeded tissies are heat, muscle aad central nervous g/stem,
which share not only high energy demands but also heary dependence on signa transduction to
mediate their normal adiviti es.

Most mitochondia proteins are encoded by nuclea genes, disruption d which would be
expeded to be lethal since d the mitochondia ae supgied by the prodicts of these genes and would
al be dfeded equally. However antisense inhibition of expresson d such genes need na be mmplete,
with the level of inhibition depending on the anourt of the antisense RNA made and thus on the
number of copies of the antisense RNA expressng plasmid. In acerdance with this it was found
recently that although targeted dsruptants of the nuclea gene for the essential mitochondial protein
chaperonin 60could na be isolated, antisense-inhibited transformants could (Kotsifas, de Lozanne and
Fisher, unpulhi shed). Chaperonin 60is the product of the hspA gene on chromosome 5 (genetic linkage
group VI) and days an esential role in corredly folding proteins newly imported into the
mitochondial matrix (Hendrick and Hartl, 1995. As was the cae with the mitochondial rnlA
disruptants, all antisense-inhibited transformants were deficient in phdotaxis and thermotaxis, but only
a subset (those with the highest level of antisense inhibition) were dso deficient in growth. These
results confirmed that signal transduction for slug phaotaxis and thermotaxis is more sensitive than
cdl growth and dvisionto mitochondial insufficiency.

The discovery of mitochondia mutants deficient in phdotaxis ill ustrates the aility of
nortargeted gene disruption techniques to reved the unexpeded. Procealing from mutant phenotype to
gene to protein, rather than in the oppasite diredion, daees nat require a priori seledion d a gene of
interest and ensures from the outset that the gene under study redly is necessary for the wil d-type
phenatype. The route from seleded protein to mutant can harbour some surprises at the end, when
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disruptants fail to show the expeded phenotype. A case in pant is the phosphdipase C gene, the
disruption d which dd na result in any of the expeded mutant phenatypes but instead led to inability
of spores to abort germination in urfavourable wndtions (Drayer et al., 1994 van Haastert, pers.
comm.).

6. Conclusion

Genetic analysis is uniquely powerful in functional dissedion d complex biologicd processes.
Its applicaion to phdotaxis (and thermotaxis) by Dictyostelium discoideum slugs in combination with
behavioural, physiologicd and pharmaalogicd studies led to elucidation d the key feauresiill ustrated
in Figure 2. The main contribution so far of the dasscd and moleaular genetic analysis has been to
show that a minimum of abou 20 genes is needed for wil dtype slug behaviour, that many genes are
important both for orientation kehaviour and for multi cdlular morphogenesis as expeded from the tip
adivation/inhibition model for slug turning, that the phaosensory and thermosensory transduction
pathways converge ealy so that most genes are required for both, and that the central signalling
comporents include the second messengers cAMP and cGMP, the AAMP receptors CAR3 and CAR4,
the GTP-binding proteins Gaing, Gaabg: Gazbg: Gasng @nd RasD, the oytoskeletal proteins ABP120 and
myosin Il, and perhaps the mitochondia. Perhaps surprisingly, gene disruptions reveded that normal
phaotaxis and thermotaxis are highly sensitive to the presence of a subpopuation d defedive
mitochondia, bu insensitive to the ésence of the two major Ca®*-regulated adin hinding proteins.
The power of the genetic goproad is this ability to reved the unexpeded. It will therefore be
interesting to see what surprises await us from future genetic disedion d Dictyostelium slug
behaviour.
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