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GENETIC DISSECTION OF BEN

AVIOR

By working with fruit (lies that are mosaics of normal and mutang

parts i is possible to identify the genetic components of behavior,

retrace then development and locate the sites where they operage

velops from a fertilized egg,
the one-dimeusional informa-
o ved in the linear sequence of the
genes on the chromosomes controls the
wo-dimensional cell layer

/ [ 7 hen the individual organism de-

wl arrangement of sense or-
gans, central nervous system and mus-
elements interact to produce
the orgamsm’s behavior, a phenomenon
whose desenption requires four dimen-
s at least. Surely the genes, which so
rming anatomical and hio-
| charaeteristics, must also inter-
act with the envitoument to determine
wior. But how? For two decades mo-
bivlogists were engaged in track-
lown the structure and coding of the
, a tagk that was pursued to ever
levels of organization [sec “The
* Structure of the Cene,” by Sey-
Benzer; SCIENTIFIC AMERICAN,
vv. 1962). Some of us have since
) the opposite direction, to high-

ey

(8

rvous system and hehavior.
laboratory at the California In-
- of Technology we have been ap-
« of genetic analysis in an at-

wiomal behavior frum the one-di-
iomad gene,
Owr objectives are to discern the ge-
netic component of a behavior, to iden-
il it with « particular gene and then to
dete the actual site at which the
) nences behavior and learn how
it dovsso In brief, we keep the environ-
ment constant, n__u:m..., the genes and see
whit happens to behavior. Qur choice of
esporimental organism  was  con-
nedd iy the fact that the simpler an
sm is, the Jess likely it is to exhibit
teresting behavioral patterns that are
relevant (o man; the more complex it is,
the more difficult it may be to analyze
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and the longer it takes. The fruit fly
Drosophila melanogaster represents a
compromise. Tn mass, in number of ncive
cells, in amount of DNA and in genera-
tion time it stands roughly halfway on a
logarithmic scale between the colon ba-
cillus Escherichia coli (which can be re-
garded as having a one-neuron nervous
system) and man. Although the Hy's ner-
vous system is very different from the
human system, both consist of neurons
and synapses and utilize transmitter
molecules, and the development of both
is dictated by genes. A fly has highly de-
veloped seuses of sight. hearing, taste,
smell, gravity and time. 1t cannot do
everything we do, but it does some
things we cannot do, such as fly and
stand on the ceiling. Its visual system
can detect the movement of the minute
hand ou a clock. One must not underes-
timate the little creature, which is not
an evolutionary aulecedent of man but
is itself high up on the invertebrate
branch of the phylogenetic tree. Its ner-
vous system is a miracle of 1 ninia-
turization, aud sume of its m_:_twm:a_c:_.
ly evolved behavior patterns are not
unlike vw 0w

ﬁa:,.«. Hirsch, Theodosius Dubzhansky
J and many others have demonstrated
that if one begins with a genetically het-
erogenecus population of fruit flies, vari-
ous behavioral characters can be en-
hanced by selective breeding pursued
over many generations. This kind of ex-
periment demonstrates that behavior can
be genetically modified, but it depends
on the reassortment of many different
genes, so that it is very difficult to dis-
tinguish the effect of each one. Also, un-
less the selective procedure is constantly
maintained, the genes may reassort,
causing luss of the special behavior. For
analyzing the relation of specific genes
to behavior, it is more effective 1o beg

with a hly inbred, geneticall
fuip strain of flies and chang
one at a time. This is done by
mutation: an abrupt gene ch.

Iucing a
vae that is
transmitted to all subsequent genera

tions.

A population of flies exposed to a my
tagen (madiation or certain «hemicals)
v:o_% some progeny with tomical
anomalies such as white eycs or forked
bristles, and it also vields prozeny with
hehavioral  abnormalities. Workers in
many laboratories (including ours) have
Q::tzﬁ_ a long list of such mutants,
each of which can be produccd by the
alteration of a single gene. Some mu-
tants are perturbed in sexual behavior.
which in normal Drosophils involves an
elaborate sequence of fixed action pat-
terns. Margaret Bastock showed yrars
do not

ago that some mutant m
court with normal vigor. Kulbii Gill dis-
covered a mutant in which the males
prrsue one another as persistently as
they do females. The mutant stuch,
found by Carolyn Beckian, snffers from
inability to disengage after the normal
20-minute copulation period. A converse
example is coitus interruptus. a mutant
Jeflrey C. Hall has been studving in our
laboratory; mutant males disengage i
about half the normal time «nd no oft
spring are produced. Obviously most
such mutants would not stand a chance
in the competitive natural enronment.
but they can be maintained and studied
in the laboratory.

As for general locomoto
some mutants are sluggish and others.
such as one found by William D. Kaplan
at the City of Hope Medical Center. ar€
hyperkinetic, consuming oxygen at
exaggerated rate and dying much «3_@
than normal flies. Whereas normal flies
show strong negative mmoﬂi_.v a tenden-
¢y to move upward against the force of
gravity), nonclimbing mutants do not-

activity,

i ._wm:»<_$2 of a normul and of « moraic fruit fly ix demonstrated
in

experiment p!

placed light at the top and pha-
secaphed by snccesrive strobosvopic flashes traces a line straight

1 a zlasx tbe witl

anel one blind

fiy. with oue good ¢y
re in no light, goided by it~ <ens

up the tube tleft). A mosai
eye, also climbs straight up if
of gravity. 1f there is u light at the top of the tube, hane
nosaic fly traces o helical path Cright), tarning its bad ¢y tovard
the light in a vain eflort 10 balance the light inpat te

v, the

boeges
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- Such belavior coul

be the result of Aaws in w

Keep their wings strai

1 up

MOSAIC FLIES used for investigating behavior are gynandro.

phs: pardy male and partly femal
. the male parts mutunt in one physical or behavioral ea

The female parts are nor.

more. These fliez huve one normal red eye and
eye. and the male side of cach fly alzo has the <h

normzd for a male.fly. The flies are abuut three n

rant whitt

orter wing thot §
ihimetees loof

=

B

not v even though
ecths well devedoped

siightless the ¢
y may T

s Wl the
&_h vibrate 1t in approved fashion dur-

nQ::T__i Some individuals that ap-
¢ to b quite normal may harbor
reditars i-liosynerasies that ,_55 up

stress. Tuke the casily
ants we have isolated, or the
tho, funnd by Burke H. Judd
us at the University of
1. When the mutant fly is
cal jolt, it has
ptic seizure: it

nele cin e his winge

2_._"\2
what Tooks like wn

a few hours around dawn and those
n o that interval tend to wait until
dawn on the following day or on Jater
days. This thythm, which has been
much studied by Colin S. Pittendrizh ol
Stanford G_:<2..A.J.. persists even in
constaut  darkness provided that the
pupae have once been exposed to light:
having been set, the internal clock keeps
running. The clock continues to control
the activity of the individual fly after
eclosion, even if the fly is kept in the
dark. By monitoring the fly's movement
with a photocell sensitive to infrared
radiation (which is invisible to the tly)

une

ahout at a certa
some 12 s

can observe that it beging to walk

we anl does <o for

theu it bees
cont, as if it were aslecp on nts feet,

1t

b ;:_ﬂsn.
tor

half 4 day. After that, it the sane time

as the first dayv's arou
hour or so of it, activity |
Ronald Konopka demonstrated the ge

or within un

[IETTIIRY

netic control of this inteinal clock as a

graduate student in
expusing  normal

he obtained mutants

rhythms or no rhythm at all. The
rhythmic flies may eclose at

o a

with

iy By
mutagen

abmernal

any t

a ltew wites it recovers
bout its business as if nothing O noResaL T T
ned. John R Merrium and
in our laboratory huve 30
different genes on the X 1t
that can produce this syn- 20 3y > s ! — I
drome it they are mutated. { ﬂl_,,\ Ma !
In mam orgonisms mutations huve 3 [ / [
“been discovered that are t perature- = ; W -
u::::. that is, the abnormal trait is \ 1 K
y above or below a certain 0 Al i
+id Suzuki and his asso- 201 ARRHYTHMIC MUTANT
::23,_@ of British Colum-
d a behavioral Drosophile 30 - -
utant of this type called paralyzed: 2 . SIEE
; rature goes ahove 28 3 o
degrees Celsius (82 degrees Fahrenheit). M °
& collapses, although normal flics are w
‘maffected, when the temperature is g 10f————r —me oo — - 1
-lwered, the mntant promptly stands up W
nd moves about normally. We have & o
mutants, involving different & 80 SHORT PERIOD MUTANT T
become similarly paralyzed @
specific temperatures. In one £ 60
comatose, recovery is not in-  §
fantaneous but may take many minutes &
1 hows, depending on how long the € “° T
imtant wuy exposed to high tempera- 2 :
- Revent experiments by Obaid Sid- 20 -- R -
ii in ous laboratory have shown that L C !
on potentials in some of the motor ol ot N i
aua(i,:..t_:qr_,m until the fly recovers. 0] [ ONG PERIOD MUTANT
nt {eature of behavior in a 30 L5
ge of organisms is un en- s _ ,.‘..r R
4 24-hour eycle of activity. The \ f> \.< h,
: fiy m:___ﬁ; this “circadian” rhythm, < s \4 ¥ J/_r
Yo One can demonstrate the rolc of the ' \ N . /> w Nr
i o -
e = T £
. A pupstl stage aroun 1
G, wher, the air is noist and cunl 4
tud »_:. creature bas time to unfold its o 1 ? 3 *
its caticle, or outer TIME (DAYS)
much visk of desic- 107 0GICAL CLOCK™ iv an cxample of @ bebavioral mechanixm that is peneticalls

s: (The vame
i ::;.m«:»m:w means “lover
Eelosion from the pupn at the
is controlled by the circa-
;.f_:: most flies emerge during

determined. It governs the periodicity of the
daily cycle of activity ar adults, The curves are
ness. Normal fliey cmerge from the pupa st a i

time flies eclose from the pupn und alze their

for the eclosion of flirs kept
me corresponding to dawn

sl dark.

: thoe that miss

dawn on one day cmerge 24 hours later (top). Mutants include arthyibmic fliez, which
emierge at arbitrary times in the course of the day. and flies with 19-hour and 28-hour eyiles.
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1 rimple device for measaring the flying ability of normal and mutant

tiv<, It is 4 500-milliliter graduuted eylinder, its in-ide wull coated with paruffin oil. Flies
arr dumped in at the top. Thev strike out horizontally a- best they can. and »o the Jevel at

wh

mutant runs on a 19-hour eycle and the
fomg-pertod mutant on a 28-hour cycele,
(May there not be some analogy be-
tween such flies and humans. who are
cither cheerful early birds or slow-to-

ight owls?)

Let e now use a defect in visual be-
havior to illustrate in some detail how
we analyze behavior. The first problem
™ to quantitate behavior and to detect

d isolate behavioral mutants. It is pos-

treating each individual much as a mole-
il of behavior and fractionating tl
group into normal «nd abnormal types.
We begin, using the technique devised
by Edward B. Lewis at Cul Tech, by
g male flies sugar water to which
ided the mutagen ethyl mcth-
alkyluting agent that
the chromosomes

fee
has b
ne sullonate, an
indnees mutations

28

h they hit the wull and become »tuch in the oil film reflects their Aying ability. The
ryes compare the performance of female control flies (gray) with that of males (color)
it Ay pormally (top) or poorly tmiddle) and with male flightless wutants {bottom).

of sperm cells. The progeny of mutagen-
ized males we then fractionated by
means of a kind of countercurrent dis-
Libution procedure [sce illustration on
opposite page], somewhat as one sepa-
rates molecules into two liquid phases.
Ilere the phases are light and darkness
and the population is “chromato-
graphed” in two dimensions on the basis
of multiple trials for movement toward
ov away from light. Normal flies—and
maost of the progeny in our experiment—
are phototactic, moving toward light but
vot away from it. Some mutants, how-
ever, do not move quickly in either di-
rection: they are sluggish mutants. There
are runners, which wove vigorously both
toward and away from light. A negutive-
Iy phototactic mutant moves preferen-
tially away from light. Finally, there are
the nonphotetactic mutants, which show
ormal tendency to walk but no pref-
tor light o1 darkness. They be-
s normal flies behave

tant

also been carried out by Wil L. Pak
and his associntes at Purdue Univenity
and by Mitin Heisenberg at the May
Planck Institute for Biology at Tiibing,
so that many tubints are now avid
-ulving a series of different g
stimulus of a Hash of light cannes 1
photareceptor cells of a nor
to emit a negative wave, which in n
triggers a positive spike from the nest
cclls in the visual pathwuay: an vlestre.
retinogram, a recond of this respon
be made rather vasily with a simple wick
clectrode placed on the surfuce of the
eye. In some nonphototactic mutanty the
photoreceptor cells respond bt i) 1
trigger the second-order in oth-
or eases the primary receptor Is are
affected so that there is no detectable
signal from them even though they are
anatomically largely normal. Thew mu-
tants way be nsefnl in understanding the
prinaary transduction mechanisim in the
photoreceptor cells. Mutant  nrateriad
provides pertuihati in other words,
that enable one to analyze nonnal fune-
tion. When Hotta wnd T exainmed the
eyrs of some of the nonphototactic mu-
tauts, we found that the photorccepta
vells are normal in the youn adalt but
that they degenerate with uge. There
ic conditions thut produce thi
and it muy be that the
A e provide a o ysten for
studying certain kinds of blindue.

DY ey

ron

one knows that a certuin be-
r (nonphototuctic, sav) is pre-
duced by a single-gene nntation W
that it seems to be explained by an
tomical Fault (the degeneruted 1evep-
tors), one still cunnot say witl certamty
what is the primary “focus” of that 2e-
netic alteration, that is, the site in the
body at which the mutant gene erts
its primary effect. The site vay be far

from the affected organ. caxes
of retinal degeneration in 1 for e
wmple, are due not to any drfeet in ,::
eye but to ineffective absorp f vita-
min A from food in the intestine. as T

Gour:s of the Nation:
rolugical Disenses
demonstiated. In order to t

yatem=
&..::3_

a stereophonic sct with hvo

chaunels, for example—is to interchange
corresponding parts, That is in cffoct
what we do with Drosophila. Rather
than surgically transplanting organs
fiom one fly to another, however, we
use n genetic technique: we make mo-
saic: flies, composite individuals in which

some tissues are mutant and some have
a normal genotype. Then we look to seo
just which part has to be mutant in order
to account for the abnormal behavior.
One method of generating mosaies de-
pends on a strain of flies in which there
is an unstable ring-shaped X chromo-

(I UGHT

)

~

FRACTION NUMBER (1] 1

I —— N\

~

some. Flies, like humans, hive X and ¥
sex chromosomes; if a fertilized egg has
two X chromosomes in its nuclens, it will
normally develop into 4 temale fly:
XY egg yields a male. In Drosophila it is
the p of two X cl s that
makes a fly female; if there is only one X.

N

-
»

NUMBER OF FLIES
@
3
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“Trar

FRACTION NUMBER
COUNTFRCURRENT APPARATUS developed by the author can

3 onate” a population of flies as if they were molecules of hee
,r-::_.. The device consists of two sets of plactic tubes arranged in
2 plactic frame. Flies ore put in Tube 0; the device is held vertically
284 tapycd 10 knock the flies to the bottom of the tube, and then
8 frai i« Laid flat and placed before a light at the far end of the
SWbes (). Flien showing the phototactic rexponse move toward U
Babt, whereas others stay behind (b). Alter 15 seconds the top row
¥ tubes s shifted to the right () and the responders are tapped
in (d), falling into Tube 1. The upper frame is retarned
the lafy (e). the frame is laid flat and again the responders move

50 o

2 2
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B
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2 s
g NEGATIVELY _
g PHOTOTACTIC RUNNERS |
£ 4 ’
5 3
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E NONPHO 3;%_ 1C
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3
3!
m : NORMALLY
1SH Y
> O mrcoﬁ_w!m g HOTOTACTIC
<
5 1]
< o 1 2 3 a 5

TOWARD LIGHT (NUMBER OF RESPONSES)

toward the light. The procedure is repeated five times in all. By
then the best responders are in Tube S, the next best in Tube 4 and
(f). The curven (bottom left) show typicul results. Photo-
wetie Hivs chow two very distinet peaks depending on whether the
light wax at the opporxite end of the tubex fram the starting point
(color) or at the starting end (black). Nonphototactic flies, how-
ever, yield ahont the same curve (likht color or gray) regardless of
the poxition of the light, In order to distinguish variation in mator
artivity from phototaxis, the scparation is carried out first toward
light and then, processing the flies in cach tube again. away from

ional “chr " (bottom right).

light, yielding a two.di

29
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PREPARATION OF MOSAIC FLIES depends on the recombina
<ume of genes for matant “marker” 1raits and for u behaviaral mutation. Recombination
. as shosen at

++ +4
o+

4+
o

n on one X chromo-

urs through the crossing-over of seg s of two b logous chr
ft. Mules with an X chromosome corrying the desired recombination (black) ure mated
sith females curryiug an unstable ring-shaped X chromosome {(top row at right). Among
reselting zygoles, or fertilized agge, will be some carrying the mutation-foaded X and a
ng X. In the conrse of nuclear division the ring X is sometinex lost. Tissuas that stem from
ond mutant. In tissues that retain th x X, howevar, the mutant
s oo the ring X, and these tissuer are female and normsl

that nuelens are ma

zenes are masked by the zo

the: fly will be male. The ring X chromo-
some has the property that it may get
lost during nuclear division in the de-
veloping egg. If we start with female
eggs t have one normal X and one
ring X, in a certain fraction of the em-
bryos some: of the nuclei formed on divi-

sion lose the ring X avd therefore have
only one X chromosome left, and will
therefore produce male tissues. This los:
of the ring X, when it oceurs, tends to
happen at a very early stage in such a
way as to produce about equal numbers
of XX and X nuclei. The: nuclei divide a

DEVELOPMENT OF A MOSAIC FLY proceeds from nuclear division (shown in the illus.
rration at top of page), in which loss of the ring X oceurs, producing an XX (color) nucleus
and an X (white) nuclews (1), The nuclei divide a few times (2), then migrate to the surfave
ol the cgg and form a blustula: a single layer of rclls, showa here in section and surfare
-w» (3). Note that female (XX) cells cover part of the surface and male (X) cells the other
part. The arrangement of male (1chite) and female (color) parts in the adult fly depends on
the way the houndary between the XX and X cells happened to cut the blastula. and that in
tyrn depends on the arientation of the axis along which the original nucleus divides (4-6),
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“lew tines in acluster and then migrate

ta the surface of the egg to form the
Iy embryonic stage called u blastyly,
a single layer of clls surtounding the
yolk [see bottom illustration on thi
pagel. The nuclei tend to retain thej
proximity to their neighbors in the oy,
ter, so that the female (XX) cells populate
oue: part of the blastoderm (the suiface of
the: blastula) and the male cel o the
t. It is a teature of Drosophila that the
xis of the crucial first wuclear divigioy
is otiented arbitrarily with vespeet ty the
axes of the egg. The div
tween the XX and X cells can therefog.
cut the blastoderm differ
Ouce the blastoderm is formed e <
occupied by a cell largely dete:
fate in the developing ciubivo,
the adult gynandromorph, w mule-
ic, can have a wide varivty of ar.
rangements of male and tenwle pi
pending on how the dividing
in each particular embryo. The divis
of parts often follows the interse qnental
bounduries and the longitudi
of the fly’s exoskeleton. The re;
the exoskeleton i
parts, each of which
pendently during me
al disk in the L
tury derived from a specific
blastoderm [see illustrations on opposite
pagel.

The reader will perceive that aomevan
Hly is a system in which the effeets of nor
mal and of mutant genes can he distin:
guished in one anhoal. We this svs-
gs so that hoth a

an assembly of ¢

is dune through the random workings of
the ph bi i
which segments of two chriomosomes tn
this tase the X) “cross over” and v

change pla

non of rec

o
steain of Hies that are nonphoto-
tactic snd also have white eyes (in J
al ted) and a yellow body
les of this strain
. Some

X chromosome ]
louded X chromosome, In a fiction ©

genes) will be lost at
clear division. The XX bod:
the resulting adult fly will I
chromosome with normal genes
with mutations; because both the B¢
havioral and the anatomical genes ™
question are recessivi: (their offect 18
masked by the presence of « s

d une
he-

inule nor-

o

f ations will ot be ex-
?3:;_ i those parts, In the bixdy parts
having lost the ring X, howevor, the
single X chromosome will be the one
amying the nutations. And because it
is all alone the mutations will be ex-
press- d. Examination of the By identifies
the parts that have normal color and
thuse in which the mutant genes have
peen uncovered. We can seleet from
among the randomly divided gyuandro-
morphs individuals in which the dividing
fne falls in various ways: a normal head
on o mutant _:x_vu a mutant head on a
rormal body, @ mutant eye and a normal
one and so on. And then we cau pose
the question we originally had in mind:
What parts must be mutant for the mu-
tant behavior to be expressed?
Hotta and I did that with cer-
ally defective mutants, for in-
wes that produce no receptor
we found that the electro-
retinogram of the mutant eye was al-
ways completely abnormal, whereas the
normal cye functioned properly. Even

M in gynandromorphs in which everything

was normal except for one eye, that eye
showed a defective electroretinogram.
This makes it clear that the defects in
thos: mutants are not of the vitamin A
tpe I mentioned above; the defect
must be autonomous within the eye it-
self.

The behavior of flies with one good
eye and one bad eye is quite striking. A
mrmal fly placed in a vertical tube in
the dark climbs more or less straight up,
with gravity as.its cue. If there is a light
stthe top of the tube, the fly still climbs
staight 1p because phototaxis (which
the fly achieves by moving so as to keep
the light iutensities on both eyes equal)
6 consistent in direction with the nega-
tive geotuxis. A mosaic fly with one good
eve also climbs straight up in the dark,
Since its sense of gravity is unimpaired.
“Wa Yight is turned on at the top, how-
c&ver, the fly tends to trace a helicul path,
.-E::i its defective eye toward the light
‘R futile attempt to balance input sig-
uals. 1f the right eyc is the bad one, the

tiuces a right-handed helix; if the left
2% is bad, the helix is left-handed.
Bometimes it is dificult to resist the
slemptation, out of nustalgia for the old
“olecular-biology days. to put in two

: let them generate a double

J? thes: mutants the primary focus of
& the phototactic defect is in the affect-
e organ itself. More frequently. how-
" the focus is elsewhere. A good way
se¢ how this situation is dealt with is
consider a hyperkinetic mutant that

& — Prososcis
T CLYPEOLABRUM
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ADULT FLY in an assembly of a targe number of caternal body ports, each of which was
formed independently from s primaordial group of cells of the blastula. In » mossic fly the
boundary between male and female tissnes tendx 1o fallow lines of division between diserete
body parts. Here the main external parts are named; black dots are the major brisiles.

PROBOSCIS  HUMERUS THORAX

ABDOMEN

S v A

VENTRAL

NERVOUS SYSTEM LEG MESODERM

FANCIFUL DRAWING of the blastula shows how each adult body part come from a spe-
vific site on the blastula: 1cfi-side and right-side parts (or left and right halves of parts such
ay the head) from the left and right sides of th: blastnla respectively. The nervous systerm
und the mesoderm (which gives rise to the museles) have also been shown by embeyolozis:
to originate in spevified regions of the blastuta. Tt is elear that the probability that any twa
parts will have a different genotype (that is, that they will be un diffcrent sides of the
mosaic boundary that rutk across the blastula) will depend on how far they are from vach
other on the blastoderm. the blastuls surface. Conversely, the probability that twn parts
are of different genotypes should be a measure of their distance apart on the blastoderm.
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and tkeda found that Hics that are
1ositics for the gene shake some of their
legs but not others and that the shaking
nsually correlates well with the leg’s sur-
face: genotype as revealed by mark
but not always. (Suzuki aud his col-
gues found the same to be true of
s mosaic for the paralyzed mutat on.)
The point is that the markers are on the
nutside of the fly. The genotype of the
face is not necessarily the same as that
of the underlying tissues, which arise
from different regions of the embryo.
And onie might well expect that leg func-
iom would be controlled by nervous ele-
ments somewhere inside the fly's body
that could have a difterent genotype
from the log surface. The problem is to
find a way of relating internal behavioral
foci to external landmarks. Hotta and 1
developed « method of inapping this re-
lution by extending to behavior the idea
of a “fate map,” which was originally
conceived by A. H. Sturtevant of Cul
Tech.

Sturtevant was the genius who had
carlier shown how to map the sequence
of genes on the chromosome by measur-
ing the frequency of recombination
among genes. He had seen that the
probability of cressing over would be
greater the farther apart the genes were
on the chromosome. In 1929 he proposed
that one might map the blastoderm in
an analogous way: the frequency with
which any two parts of adult mosaics
turned out to be of different genotypes
conld be related to the distance apart
on the blastodern of the sites that gave
rise to those parts. One could look at «
large group of mosaics, scure structure
A and structure B and record how often
one was normal whereas the other was
mutant, and vice versa. That frequency
would represent the relative distance be-
tween their sites of origin on the blasto-
derm, and with enongh such measure-
ments one could in principle construct
a two-dimensional map of the blasto-
derm. Sturtevant scored 379 mosaics of
Drosophila simulans, put his data v &
drawer and went on to something else.
At Cal Tech 40 years later Merriam and
Antonio Garciu-Bellido inherited those
379 yellowed shects of paper, compuled
the information and found they could in-
deed make u self-consistent map.

When Hotta and I undertook to map
bebavior in D. melanogaster, we began
by preparing our ows fate map of the
adult external body parts based on the

seores for 703 mosaic flies [see upper il-

Tustration on thes: teo pages|. D
the map are in sturts,” a unit Mer-
riam, Hotta and I have proposed in
memory of Sturtevant. One sturt is
cquivalent to a probability of 1 percent
that the two structures will he of differ-
ent genotypes.

Now back to hyperkinetic. We pro-
duced 300 mosaic flies and scored each
for a number of surface landmarks and
for the ¢ idence of marker mutations
at those landmarks with the shaking of
each leg. We confirmed the observations
of lkeda and Kaplan that the behavior
of each leg (whether it shakes or not)
is independent of the behavior of the
other legs and that the shaking bebavior
and the external genotype of a leg aie
frequently the swne—but not alwa
dependent behavior of the legs
dicated that each bad a separate focus.
For each leg we calculated the distance
from the shaking focus to the leg itself
and to a number of other landmarks
[see lower illustration on these two
pages] and thus determined a map lo-
cation for each focus. They are near the
corresponding legs but below them, in
the region of the blastoderm that Donald
F. Poulson of Yule University years ago
identified by embryological studies us
the origin of the ventral uervaus system.
This is consistent with electrophysiologi-
cal evidence, obtained by Tkeda and
Kaplan, that neurons in the thoracic
ganglion of the ventral nervous system
behave abnormally in these mutants.

\#.anwmu degree of complesity is repre-

sented by » mutant we call drop-
dead. These flies develop, walk, fly and
utherwise behave normally for a day or
two after eclosion. Suddenly, however,
an individual fly becomes less active,
walks in an uncoordinated manner, falls
on its back and dies; the transition from
apparently normal behavior to death
takes only a few hours. The time of onset
of the syndrome anong a group of flies
hatched together is quite variable; after
the first two days the number of survi-
vors in the group drops exponentially,
with a half-life of about two days. Tt is
as if some random event triggers a cata-
clysm. The gene has been identificd as
a recessive one on the X chromosome.
Symptoms such as these could result
from malfunction almost anywhere in
the body of the fly, for example from a
blockage of the gut. a general hiochemi-
cal disturbance or a nerve disorder. In
ordec to localize the focus we did an
anulysis of 403 mosaics in which the
XX parts were normal and the X body
parts expressed the drop-dead gene and

surface-marker mutations, and we scored

for drop-dead behavior and varions lag.
marks.

Drop-dead behavior, uilike w_:_;:m .

behavior, which could be scored sepy.
rately for euch leg, s an allorone
property of the entire fly. First we did
a rough ar lysis to determine wheth
the behavior was most closely reluted 10,
the head, thorax or abdomen, conside.
ing only flies in which the surfuce f
cach of these structures wis either e
pletely mutant or completely
Among mosaics in which the entire 1
surface was normal almost all behuyed

ANTENNA _
NORMAL  MUTANT

Sg NORMAL| 35 1z

Q4

O wmutant| 13 40

e, but siv ies ant of 97 ¢
p-ddivad

1

the o i the 1o iprocal
class cight flies of 80 with mutaut head
surfaces lived. In other words, the focus
wirs shown to be close to, but distinct
from, the blastoderm site of origin of
the hewd suiface, O::%:.:E: analysis
wed that the focus was substantially
farther away from the thorax and farther
still from the abdomen. Next we con-
crod individuals with mosaic heads.
The reader will recall that in certain
visual mutants the visual defect was al-
:,:3:7&2&?:;.360::.«::5:;
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FATF. MAP, a two-dimensional map of the
blastoderm, is cunstracted by caleulating the
distances hetween the sitex that gave rise to
varions parts. This is done by observing a
large number of adult flien and recording
the siumber of times cach of two parts ix mu.
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the legn under ethee. The shaking is independent for cach leg and
:d for 300 flick-—or 600 instances, sinee the
a1y ean be doubled to represent botly sides of the fly. (The total of
Instances can be less than 600 because cases in which bath the body

bere Ing 1 has heen, s

tunt or normel. The numbers are entered in a matrix, as shown
(left) for three puirs of parts. Instances in which one part is normal
whereas the other part is muotant on the same fly (colored boxes)
are totaled. That fignre, divided by the total number of instanees,

side of the head: flies with half-nan
heads had normial vision in one eve, Fe
drop-dead. on the other hand. of mosaics
in which half of the head surface was
mutant only about 17 percent dropped
dead. All the rest ﬁ_:.?Mm. PP
Now, a given internal part should oc-
in normal or mutant form with equal
probability, as the esternal parts in these
mosaics did. Ou that reasoning, if there
were a single focus inside the head of
the fly, half of the bilateral-mosaic flies
should have drapped dead. We formed
the hypothesis, therefore, that there

gives the probability that the two purts are of diff &
And that probability is proportional te the distance between them,

pes. sent distances to the bl
the di b, 4

indicated in “anrts.” Plotting the threes distances triangnlate
relative locations of the three sitex. By thus seoring 703 mosair M.
for body parts, Yoehiki Hotta in the anthoc’s laboratory built up
the fute map of externul body parts (right). Broken Lines repre-

that they mug

must be

it for the syndrome to ap-
pear. In other words, o mntant focus
must be “submissive” to 4 yormal one in
that case, if an individual exhibits drop
dead behavior, hoth foci mst be :
and if a m% survives, one focus may _:”
normal or bath of them may e '
Mapping a bilateral 1&-. of interucting
foci calls for special analysis. By
sideri g the vari
ing line could fall in relation to « §
of visible external landmarks (one

\

-~ VENTHAL MIDLINE ~~ ~~

Yastula midlines, obtuined by dividing by twe

1

PROBOSCIS

SCUTELLAR RRISTLE
.

- PRESUTURAL BRISTLF

part aud the behuvior are mosale are eliminated.) Distance
ted {(colored lines) riangulate the facns. In this way the (o
for shuking behavior for cuch leg (4) are added to the map (richi).
Faci for drop-dead (B) and wings-up (C) behavior are also fonnd.

parts on apposite sides of e fls.
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BRAINS OF DROP-DEAD MUTANTS that have reached the symp-
tomatic rtage show striking degeneration, as shown by photomicro-
graph tleft) of u vertion of such a fly’s head enlarged 300 diameters.

cach side of the body) and a symmetri-
cal pair of internal foci, vne can set up
cquations based on the probability of
h possible configuration. Using the
abserved data on how many mosaic flies
showed the various combinativns of
mutant and normal external lundmarks
and mutant or normal behavior, it is
possible to solve these equations for the
map distance from each landmark to the
corresponding focus and frou: one focus
tv the homologous focus on the other
side of the embryo. The drop-dead foci
tum out to be beluw the head-surface
arca of the blastoderm, in the area em-
brvologists have assigned to the brain.
Sure enough, when we examined the
brain tissue of flies that had begun to
exhibit the initial stages of drop-dead
behaviur, it showed striking signs of de-
generation, whereas brain tissue fixed
before the onsct of symptoms appeared
normal. As for mosaies whose head sur-
faces are hall-normal, those that die
show degencration of the brain on both
sides; the survivors” brains show no de-
ueueration on either side, a finding con-
stent with the  bilateral-submissive-
foeus hypothesis. It appears that the
normal side of the brain supplies some
fuctor that prevents the deteriovation of
the side with the mutant focus.

There is another kind of bilateral fo-
cus, “domineering” rather than submis-
sive. An example is the mutant we call
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wings-up. There ave two different genes,
wup A and wup B, which produce very
similar overt behavior: shortly after
emergence each of these flies raises its
wings straight up and keeps them there.
Tt cannot fly, but otherwise it behaves
normally. Is wings-up the result of a de-
fect in the wing itself, in its articulation
or in the muscles or neuromuscular junc-
tions that control the wing, or of some
“psychological quirk” in the central ner-
vous system? The study of mosaic flies
shows that the behavior is more often
associated with a mutant thorax than
with a mutant head or abdvmen. The fo-
cus cannot be in the wings themselves or
anywhere un the surface of the thorax,
however, because in summe mosaics the
wings and the thorax surface are normal
and yr:t the wings are held up aud in oth-
er mosaics the wings and thorax display
all the mutant markers and yet the fly
flies. These obscrvations suggest that
some structure inside the thorax could be
respounsible.

Once again we look at the bilateral
wosaics, those with one side of the tho-
rax carrying mutant markers and the oth-
er side appearing normal. Unlike the
drop-dead bilateral mosaics, most of
which were normal, these bilaterals are
primarily mutant; well over half of them
hold bath wings up. Both wings scem to
act together; either both are held up or
both are in the normal position. This sug-

The brain and the optic ganglia are full of holes. Sections fixed be.
fore a mutant hur thown any xymptoms, ou the other hand, ~how
na more dexeneration thun a section of x normal brain does tright).

gests two interacting foci, onc on
side, with the mutant focus domineeris
with respect to the normal onc, tat is, i
either of the foci is mutant, or buth e,
then both wings will be up. Again we G
set up equations based on the probability
of the varivus mosaic configurations and
solve to find the pertinent map distances.
The focus comes out to be close to the
ventral midline of the blastula. That is:
region known to produce the mesod
the part of the developing cubryo trom
which muscle tissue is derived, which
suggested that a defect in the fly's tho-
racic muscle tissuc conld be responsible
for wings-up behavior.

The abnormality became obvious
when we dissected the thorax. In the fly
the raising and lowering of the wings in
normal flight is accomplished by change
in the shape of the thorax, change:
brought about by the altemate action of
sets of vertical and horizontal muscles.
Under the phase-contrast microscopt
these indirect flight museles are seen to
be highly abnormal in both wings-up
mutants. Developmental studies show
that in wup A the muscles form prope:ly
at first, then degenerate after the fly
emerges. In the wup B mutant, on the
other hand, the myablasts that normally
produce the muscles fuse properly but
the muscle fibrils fail to appear. In hoth
mutants the other muscles, such as thost
of the leg, appear to be quite noral.

and the flies walk and climb perfectly
well. In flies that are heterozygous for
wup A (nonmosaic flies with one mutat-
ed and one normal gene) the muscles and
fight behavior arc normal, that is, the
gene is completely recessive, In wup B
hetorozygotes, on the other band, the
wings are held in the normal position but
the flies cannot fly. Elcctrun microscopy
shows that even in these heterozygotes
the indireet flight muscles are defective:
the microscopic flaments that constitute
each muscle fibril are arranged correctly,
hut the Z line, a dense region that should
run straight ucross the fibril, is often
crooked and forked. Examination of the
museles in bilateral mosaics confirmed
the impression that the wup foci are
domineering. In every mosaic that hud
showr wings-up behavior one or wmore
muscle fibers were mwm?xxszi or mniss-
ing; no fbers were seriously deficient in
any flies that had displayed normal be-
havior. The natural shupe of the thorax
apparently corresponds to the wings-up
psition, and the presence of defective
muscles on either side is enongh to make
it impossible to change the shape of the
thorax, locking the wings in the vertical
Ppusition.

4 ﬂ.—:_o mutaats so far mapped provide ex-
wmples involving the main compo-
- nents of behavior: sensory receptors, the

tervous system and the muscles. For

FLIGHT MUSCLE OF WINGS-UP MUTANTS chowv degeneration
that seems to account for their behavior. Normal flight muscle, en-
lacged 30,000 diameters in an electron microgruphy, has bundles of

some of the mutants microscopic exami-
nation has revealed a conspicuous lesion
of some kind in tissue. The obvious ques-
tion is whether or not fate mapping is
necessary; why do we not just Jook
rectly for abnermal tissue? One answer
is that for many mutants we do uot know
where to begin to look, and it is helpful
to narrow down the relevant region.
Furthermore, in many cases no lesion
may be visible, even in the electran mi-
croscope. More important, sud worth re-
iterating, is the fact that the site of a le-
sion is not necessarily the primary focus.
For example, an anomaly of muscle tis-
sue may result from a defect in the func-
tion of nerves supplying the muscle. This
possibility has been a lively issue in the
study of diseases such as muscular dys-
trophy. Recently, by taking ncrve and
muscle tissues from a dystrophic mutant
of the mouse und from its normal coun-
terpart and growing them in tissue cul-
ture in all four combinations, the British
workers Belinda Gallup and V. Dubo-
witz were able to show that the nerves
are indeed at fault.

techuique in cffect does
:xperiment in the intact
animal. 1n the case of the wings-up mu-
tant the primary focus cannot be in the
NETves, sinc

if that were so the focus
wauld map to the area of the blastoderin
destined to produce the nervous syster
not to the mesoderm, where muscle tis-

Slaments croesed by straight, dense hands: the Z lines Ueft). In
the muscle of firs heterozygons for the gene soup B, which hold
their wings normally but cunnot fly. the Z lings wre ircegular (rizht),

e is formed, The wings-up mutants
clearly bave defects that ariginate in the
muscles themselves.

Another application of mosaics i i
tagging cells with genetic Libels to fol-
low their development. The compound
eye of Drosophila is o remarkable struc-
ture consisting of about 800 ommatidia:
unit eyes containing eight receptor cells
each. The arrangement of cells o an om

atidium is precise and repetitive; the
eye is in effect a neurological crystal in
which the unit cell contains eight neu
rons. Thomas E. Hanson, Donald F.
Ready and I have been interested in
how this structure is formed. Are the
cight photoreceptor cells derived n
one cell that undergoes three divisions te
w_.cm:cn cight, or do cells come togethet
to form the group irrespective of thei:
lineage? This can be tested by ex
ing the eyes of flies, mosaic for the white
gene, in which the mosaic dividing b
passes through the eye. By sectioning the
eyc and cxamining ommatidia near the
border between white and red areas nii-
croscopically, it is possible to score the
tiny pigment gravules that are present o
normal photoreceptor cells but absent in
white mutant cclls. The result is clear: A
single ommatidium can contain a n
ture of teceptor cells of both genotvpes.
This proves that the cight cells camot be
derived from a single ancestral el bnt
have become associated in their special
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is recombined on the X chromo-
along with the yellow, white and
and mosaics are pro-
way, the male tissues
lack the enzyme. By
w a frozen section of the fiy and
iny it for enzyme activity one can
normal and mutant cells.

MOSAIC EYE contai
and therefore lack the normal red pixi
wye i an array of bexagonal ommaotidi
toreceptor cells (circles) and two primary

and surrounded by six shared secondary pigment cells (ovals). The
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a patch of cells that carry the white gene
nt. The fly’ compound
ach containing vight pho-

stion should be on the X chromo-
Douglas R. Kankel and Jeffrey
our laboratory have developed

ich mutants, including one

found by Ross J. MacIntyre of Cornell
rrsity. By scoting the internal tis-
sues they have constructed a fate map of
nal organs of the kind made ear-

types <hows itx cells

uent erlls (crescents)

ancestral cell. Nor is the mir
(heavy line) the result of two
both sides. Drawing is based on obscrvations hy Dons

Fraal
t fly the tw
_Eximo:,

—.:,v\_:. The ¢

synaptic defects in mutants v
in the visual pathway. Iu the
tactic mutants Hotta and [
mosaics, the defect in the
gram was always associ
eye. In contrast, a mutant with

foct that a single ommatidium can have white and vor

are nol
ge symmetry about
lines: mutunt cells

e cye whereas the latte

e fate mup, determ )
hout 12 sturts, so that a co.

mal g
comul

Readr-

e lamina.
malfunc-
two mutants were thus shown to
different, due in ol ase to a pre-
ptic block and in the

g flies that are mutant for normal
and mutant rhythas, Konopka  has
chown that the internal clock is most
associated with the head. Look-
flies with mo: ds, he found
»me exhibited the

1o be a sum of the two, as if cach

de of the brain were producing its
thythm independently and the fly re-
sponded to both of them. By applying
the availuble cell-staining techniques it
way be possible to identify the cells that
control the clock.

Sexual courtship is a higher form of
hehavior, since it consists of a series of
fived action patterns, each step of which
makes the next step more likely. The sex
mosaics we huve gencrated lend them-

selves beautifully to the analysis of sex-

be observed. Hotta, Hall and | found ~
that the first steps (orientati

mator-nerve
ganglion; even a female ganglion will
ibr: “song” typical of
wle if directed to do so by & male
. 1t would appear that the thoracic
ganglion in a female must “know” the
male courtship song even though she
dows not normally emit it. This is con-
sstent with recent experiments by Roo-
dd Hoy and Robert Paul at the State
University of New York at Stony Brack,
inwhich they showed that hybrid cricket
females responded better to the songs of
bebrid males than to males of either of
the two parental species.
Sexual behavior in Drosophila, al-

DIRECT SCORING OF NORMAL AND MUTANT CELLS within thr nervous system js
possible with a etaining method developed by Douglas Kankel and Jeffrey Hall in the au-

thor's laboratory. Mnsairs sre produced in which mutant cclls a
d phosphatase. When the proper stain is applied to a section of nerve tissue, normal
hrown and mutant cellz are unstained. Ilere a section of the thoracic ganglion, tha.
shown in phasecontrast (top) and bright field ¢(bottom) photomicrographs. In

- deficient in the enzyme

the hottom picturc normal cell are marked by the stain, delincating the mosaic boundarv,

correctly by « fly raised in isolation and
without previous sexual experience.
Other forms of behavior such as photo-
taxis also appear tu be already pro-
grammed into the fly when it ecloses.
Whether a fruit fly can learn has long
becn debated: various claims have been
made and later shown to be incorrect.
Recently William G. Quinn, Jr., and Wil-
liam A. Harris in our laboratory have
shown in carefully controlled experi-
ments that the fly can learn to avoid spe-
cific odors or colors of light that arc asso-
ciated with a negative reinforcement
such as electric shock. This opens the
doar to genetic analysis of learning be-
havior through tnta that block it.
In tackling the complex problems of
behavior the gene provides, in cffect, a
microsurgical tool with which to prodiice
very specific blacks in a behavioral path-

way. With temperature-dependent mv-

ly complex a
which sense organs, nerve cells

backward in deve
to the blastoderm, « g
different structures have not vet come
together. Filling the gaps between the
one-dimensional gene, the two-d
sional blastoderm, the: three-dime:
organism and its dimensiona
havior is a challenge for the future.




