ed hypovirulent strains (H’) about half of
the time. When H' strains were used in
paired inoculations with V, there was no
significant difference between the mean
canker size of the paired H' and V in-
oculations and that of the H’ alone (Fig.
2). While H’ alone in this experiment pro-
duced a larger canker than H alone in the
previous experiment, the growth of V was
also greater, an indication that the second
experiment was conducted under condi-
tions more favorable for pathogen growth.

Two months after the trees were in-
oculated, isolations were made from five
points equally spaced around the circum-
ference of the cankers, transferred to PDA,
and scored for morphology in culture as V
or H (H and H' have the same morpholo-
gy). Of 40 strains isolated from H plus V
inoculations, 18 had virulent morphology,
20 hypovirulent, and 2 sectored; whereas of
43 strains isolated from H plus V inocula-
tions, 5 had virulent morphology and 38
were hypovirulent. We performed hetero-
karyon tests (8), using auxotrophic mark-
ers to establish whether or not hypoviru-
lence was cytoplasmically determined. An
American virulent methionine auxotroph
(met-1) (7), and a lysine auxotroph (/ys-1),
induced by ultraviolet irradiation and de-
rived from an H' hypovirulent isolate, were
inoculated singly and as pairs in the trunks
of two American chestnut seedlings. There
were two replications of the inoculations

on each tree. After 90 days, isolates were
taken from the edges of the resulting can-

kers. Of the four paired inoculations, can-
ker size was restricted in two and only
methionine auxotrophs were isolated from
them. The lysine auxotroph could not be
reisolated from either single or paired in-
oculations. Methionine-requiring isolates
from restricted cankers were then inocu-
lated into trunks of chestnut seedlings,
and the sizes of resulting cankers were
compared with those from virulent met-1.
The cankers formed by recovered methio-
nine-requiring isolates had a mean di-
ameter of 12.5 mm, and those formed by
the virulent met-1 strain were 38.1 mm in
diameter, thus the recovered met-1 iso-
lates were hypovirulent. Heterokaryons
were forced in culture with the use of a
met-1 H’ strain and an arginine auxo-
troph (arg-1) derived from an American
virulent strain (7). Methionine- and argi-
nine-requiring clones were recovered from
uninucleate conidia produced by the
heterokaryon. Clones of both types had
the morphology associated with hypo-
virulence.

" Since hypovirulence appears to be the
result of a cytoplasmic determinant trans-
mitted from hypovirulent strains to viru-
lent ones by hyphal anastomosis, the rela:
tive abilities of H' and H strains to limit
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the size of a canker when coinoculated
with a V strain could be due to hetero-
karyon incompatibility between the
French H strain and the American V
strain. The H’ was probably derived from
American V and therefore heterokaryon
incompatibility with the American V was
no longer a factor preventing transfer of
the cytoplasmic determinant. Further-
more, isolation from the cankers of the
paired inoculations of H' plus V yielded E.
parasitica with hypovirulent morphology
much more frequently than from the can-
kers of H plus V paired inoculations, which
is evidence that hypovirulence is trans-
mitted to American V strains more readily
by H' than by H.

Since in the heterokaryon transfer ex-
periments, the previously virulent strains
were reisolated and shown to be hypoviru-
lent, limitation of canker size by hypoviru-
lent strains is not due to elimination of the
virulent strains. Induction of a localized
host defense response by the H strain as an
explanation for hypovirulence has not been
ruled out, but, if it is involved, the genes re-
sponsible for causing this induction are
carried by the cytoplasmic determinant.

Our results in the laboratory, green-
house, and field, plus the original observa-
tion in Europe that hypovirulence can con-

trol chestnut blight in nature, suggest that
this fungal strain may become a control
for the disease in the United States.

N.K. VAN ALFEN*
Department of Plant Pathology and
Botany, Connecticut Agricultural
Experiment Station, New Haven 06504
R. A. JAYNES
S. L. ANAGNOSTAKIS
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Flagellar Coordination in Chlamydomonas reinhardtii:

Isolation and Reactivation of the Flagellar Apparatus

Abstract. The flagellar apparatus (both flagella with basal bodies and accessory struc-
tures) of Chlamydomonas reinhardtii was isolated from a wall-less mutant and induced
to swim in the presence of adenosine triphosphate. The movement of the flagella of the
isolated apparatus was largely synchronous and indistinguishable from the movement of
fagella on living cells. These observations suggest that the mechanism of flagellar coordi-
nation in this biflagellate alga is largely intrinsic to the structure of the flagellar apparatus

itself.

The unicellular, biflagellate alga Chla-
mydomonas reinhardtii offers a simple
model system in which to study the mecha-
nism of flagellar coordination. Chlamydo-
monas swims by means of two anteriorly
located flagella which generate a ciliary
type of beat with two distinct phases: an ef-
fective stroke in which the two flagella are
held rigid and swept simultaneously back
past the cell, bending only near their bases,
and a recovery stroke in which a wave
propagated from the proximal end of each
flagellum passes out to the distal tip (/).
Electron microscopy of thin sections
through the anterior region of C. rein-
hardtii shows that the flagella arise from
two basal bodies which lie at approximate-
ly a 90° angle to each other (in a “V” con-
figuration) and are connected at their prox-
imal ends by two striated fibers and at their
midlateral faces by a single striated fiber

(1). We refer to the collection of the two
flagella and the basal bodies with con-
necting fibers as the flagellar apparatus.

Demembranated  individual flagella
from C. reinhardtii, detached from their
basal bodies, can be reactivated in vitro
(2). We now report a procedure for the iso-
lation of the entire flagellar apparatus
from C. reinhardtii under conditions that
allow its subsequent reactivation and anal-
ysis in vitro.

A wall-less mutant of C. reinhardtii,
strain CW92 (3), was used to facilitate iso-
lation of the flagellar apparatus. Cultures
(1.5 liters) of CW92 were grown to ap-
proximately 10° cells per milliliter in medi-
um | of Sager and Granick (4) supple-
mented with 0.2 percent sodium acetate;
they were grown at 25°C with continuous
aeration and on an illumination cycle of 14
hours light and 10 hours dark. The cells
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were harvested by centrifugation at 200g
(IEC-R centrifuge, rotor 267) for 15 min-
utes at room temperature and were then
suspended at 0°C in 100 ml of a solution
containing 10 mM HEPES (/V-2-hydroxy-
ethyl piperazine-/V'-2-ethanesulfonic acid),
5 mM MgSO., | mM DDT (dithiothrei-
tol), 0.5 mM EDTA (ethylenediaminetet-
raacetic acid), 25 mM KCIl, pH 7.0. The
cells were then sedimented at 800g (IEC-
CL centrifuge, rotor 215) for 5 minutes
and were resuspended in 5 ml of the same
solution. At this point approximately 3
percent of the original population of cells
spontaneously released their flagellar ap-
paratus intact; 30 percent released single
flagella into solution and the balance of the
population remained flagellated. A sub-
sequent S-minute centrifugation (800g,
IEC-CL rotor 215) sedimented the cell
bodies, but the detached flagellar appa-
ratus and single flagella remained in the
supernatant. The flagellar apparatus were
reactivated by mixing the suspension with
an equal volume of the following solution:
30 mM HEPES, 5SmM MgSO, |1 mM
DTT, 0.5 mM EDTA, 25 mM KCl, and
2 mM ATP (adenosine triphosphate), pH
7.0. Both the isolation and reactivation so-
lutions are basically those described by Al-
len and Borisy (2), with the exception that
our isolation solution did not contain the
detergent Nonidet P40 (Shell Chemical,
London, England) and our reactivation so-
lution contained no polyethylene glycol.

The isolated flagellar apparatus had the
characteristic *“V”’ configuration described
for the flagella in situ. Electron microscopy
of samples negatively stained with 1 per-
cent uranyl acetate indicated that most of
the structures observed in situ were also
present in the isolated apparatus (unpub-
lished results). The flagellar membrane
was largely intact and terminated just be-
low the distal end of the basal body, at the
point where the flagellar membrane be-
comes continuous with the cell membrane.
The striated fiber connecting the mid-
lateral faces of the two basal bodies was
present, although the two smaller proximal
fibers were only rarely visualized. Other
accessory structures that we observed at-
tached to the isolated flagellar apparatus
included the probasal bodies (5) and the
remnants of the four bundles of four mi-
crotubules each which constitute the flagel-
lar root system (/).

Upon the addition of ATP to a final con-
centration of 1 mM, more than 90 percent
of the isolated flagellar apparatus began
swimming with a motion typical of living
C. reinhardtii cells. The movement of the
flagella on living cells and in the reacti-
vated apparatus was examined by phase
microscopy with Zeiss optics. The form
and synchronization of the flagellar beat
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Fig. 1. Living Chlamydomonas cell showing the
two flagella each in two positions of the beat
cycle. Phase optics, x 2240; flash rate, 31 hertz;
exposure time, Y15 second.

were analyzed from photomicrographs in
which stopped images of the moving flagel-
la were recorded by means of short pulse
illumination with a xenon flash tube (Stro-
bex 136, Chadwick-Helmuth, Monrovia,
Calif.). In some instances, illumination
flash rate and exposure time were adjusted
to obtain multiple images of the flagella in
the same photograph (Fig. 1). Each of the
flagella was caught in two positions of the
beat cycle, illustrating both the effective
stroke and recovery stroke; the synchro-
nous nature of the flagellar motion is evi-
dent.

The isolated apparatus were observed to
swim considerable distances across the mi-
croscope field, although more frequently
they were seen to tumble in and out of the
plane of focus. More convenient for photo-

Fig. 2. Isolated, reactivated apparatus, attached
to the microscope slide by means of a piece of
debris, showing both synchronous (a) and
asynchronous (b) beating of the flagella. Phase
optics, x 2240; flash rate, 31 hertz exposure
time, ¥1ssecond.

graphic purposes were those flagellar ap-
paratus which became attached by their
bases to the microscope slide and remained
beating in a fixed position. More than 500
images of reactivated flagellar apparatus
stopped in motion have been recorded. Of
these, more than 70 percent showed the
two flagella beating in synchrony (Fig. 2a),
and the remainder showed various forms
of asymmetric beating such as that shown
in Fig. 2b. It was possible to follow the mo-
tion of a particular flagellar apparatus and
see it change from synchronous to asyn-
chronous beating and then return to syn-
chronous motion; however, the flagella
beat predominantly in the synchronous
mode.

To determine whether the integrity of
the flagellar membrane was required for
the synchronous beating, the isolated appa-
ratus were demembranated by addition of
the detergent Nonidet P40 to a final con-
centration of 0.1 percent in the reactivation
solution (2). Apparatus previously seen to
be extremely refractile by phase contrast
microscopy became much less refractile
upon the addition of detergent, indicating
extensive solubilization of the flagellar
membranes. However, the form of beating
of these demembranated apparatus was in-
distinguishable from the apparatus unex-
posed to detergent.

Clearly, the flagella of living cells must
have the capability to beat both in and ~ut
of synchrony in order to allow the cell te
move in straight lines and to turn in re-
sponse to external stimuli. Our observa-
tions suggest that the synchronous move-
ments do not require the cell cytoplasm or
the cellular or flagellar membranes but,
rather, are inherent in the flagellar appa-
ratus itself. Whether the occasional
asynchrony observed in vitro results from
differential resistance encountered by the
flagella in the vicinity of constraining sur-
faces (glass slide or cover slip) or is a more
fundamental property of the isolated ap-
paratusis not known.

Studies on ciliary coordination dating
back over a century have suggested two
somewhat opposing theories for the mech-
anism of coordination (6). One theory pro-
poses that coordination is nervelike or
“neuroidal” in nature and dependent upon
an internal excitation mechanism (7),
whereas the other theory, the ‘““mechani-
cal” theory, maintains that the action of
one cilium mechanically stimulates the
next one to action (8). Both theories, origi-
nally derived from studies of coordination
of the swimming plates of ctenophores,
have been used to account for the ciliary
coordination observed in other multi-
cellular organisms and protozoa.

The neuroid theory as adapted for pro-
tozoa envisaged the rootlet fiber system
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connecting the basal bodies of adjacent
cilia as a neuromotor system, transmitting
regulatory impulses from an undetermined
control center (9). More modern versions
have proposed that the rhythm of a group
of cilia is dependent upon a pacemaker cil-
ium and, in some instances, that potential
changes occur during a ciliary beat which
then spread electrotonically to adjoining
cilia causing them to beat in turn (/0).

The mechanical theory has been refined
and coordination according to this view is
now considered to arise from viscoelastic
coupling in the medium between autono-
mously beating oscillators. Accordingly,
synchrony or metachrony results because
the energy dissipation in overcoming the
viscous drag of the medium is minimized
when neighboring cilia beat in phase or
with a constant phase relationship (11).

Recent studies have shown the neuroidal
theory to be implausible, and the mechani-
cal model of coordination is now generally
accepted (/2). Curiously, the ctenophore
used in the study responsible for the in-
ception of the neuroidal theory (8) seems
to represent a special case which provides
the only well-documented exception to the
mechanical theory. In ctenophores, the
existence of both neuroidal and mechani-
cal mechanisms of coordination have been
demonstrated, each characteristic of a par-
ticular class of ctenophore (/3). However,
since the swimming plates of ctenophores
comprise up to thousands of cilia, the mo-
tion and coordination of these structures
may represent phenomena distinctly differ-
ent from the motion and coordination of
individual cilia.

The synchronous movement of flagella
in the isolated apparatus of Chlamydo-
monas may present another and different
exception to the mechanical theory. The
synchrony is clearly not explainable by
neuroidal mechanisms involving elements
of the cell cytoplasm and has been shown
to be unaffected by solubilization of the
flagellar membranes. However, it is also
unlikely that the coordination of flagellar
beat results from viscoelastic coupling
through the medium since the two flagella
sweep away from each other during the ef-
fective stroke and generate opposing waves
during the recovery stroke. Thus one fla-
gellum is not passively following the line of
least resistance created by the beat of the
other.

Another possibility is that flagellar mo-
tion in this organism represénts a new cate-
gory of coordination in which the move-
ment of the individual flagella is coupled
by structural elements intrinsic to the ap-
paratus itself. Some such coupling mecha-
nism at the base of the flagella seems re-
quired by (i) the structural simplicity of the
functional apparatus and (ii) the apparent
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exclusion of the other theories of coordina-
tion. A plausible candidate for the cou-
pling of motion in the flagellar apparatus
might be the striated fiber connecting the
basal bodies (/).

JEREMY S. Hyams

GARY G. Borisy

Laboratory of Molecular Biology,
University of Wisconsin, Madison 53706
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Taste Aversions to Sexual Attractants

Abstract. The vaginal secretion of female hamsters serves as a sexual excitant or at-
tractant for the male even in the absence of previous sexual experience, but attraction to
the secretion can be altered with surprising ease by pairing ingestion of the secretion with

gastrointestinal illness.

Many mammalian species rapidly learn
to avoid tastes or odors which have been
paired with gastrointestinal illness (/), and
these learned aversions have been demon-
strated with a wide variety of taste and
odor stimuli and several different methods
of producing illness (2). Although dozens
of different tastes have been used in these
studies, there is little evidence that the na-
ture of the taste (for example, sweet, bitter,
or salty; palatable or unpalatable) is an im-
portant factor in the formation of taste
aversions: as long as the taste is readily dis-
tinguished from other tastes, the animal
can form an aversion to it. While the par-
ticular taste employed has little effect on
the strength of aversions, past experience
with the taste is extremely important. Fa-
miliar tastes are less readily associated
with illness than are novel tastes (3), and
tastes which have been paired with recov-
ery from illness are even more resistant to

association with illness than are other fa-—

miliar tastes (4). Perhaps experience con-
fers a new meaning on a taste—*“This taste
is safe” or “This taste always makes me
feel better”—and that new meaning can
then interfere with later associations be-
tween the “meaningful” taste and illness.
The important variable here may not be
experience per se, but the “meaning” or in-
formation which experience provides. If
that is the case, certain tastes or odors
which communicate important informa-
tion to a species even without prior experi-
ence might also be difficult to associate
with illness. A number of these phero-
mone-like substances have been implicated
in the communication of various mamma-
lian species, and one of the most thorough-
ly studied examples is the vaginal secretion
of the female hamster. This secretion has

several effects on the behavior of male
hamsters: its odor alone is highly attractive
to males and elicits approach, sniffing, and
licking behavior (5), and when the secre-
tion is applied to a variety of inappropriate
hamster partners, such as castrated or
anesthetized males, it elicits attempted
copulation (6). These behavioral responses
are not dependent on experience with the
vaginal secretion after weaning (7, 8). Fe-
males deposit the secretion on the sub-
strate with a special scent-marking behav-
ior, the frequency of which varies cyclically
with the estrous cycle (9); the secretion is
also sniffed, licked, and consumed by
males when females extrude it as part of
normal mating sequences (6-8). Thus the
variety of male responses to the vaginal se-
cretion and the various conditions under
which females extrude it suggest that the
secretion serves at least two communica-
tion functions: the attraction of males to
females and scent-marked areas and the
elicitation of male sexual behavior. If the
strong sexual ‘““meaning” of this secretion
interferes with the formation of new asso-
ciations to its taste and odor, it should be
difficult to produce aversions to the secre-
tion by pairing it with illness; on the other
hand, if it is possible to produce strong
aversions to this biologically important
substance, then responses to this phero-
mone-containing secretion are more easily
altered by experience than we have sup-
posed.

Having first established that hamsters
(like all other rodents tested) show strong,
long-lasting aversions to tastes which have
been paired only once with gastrointestinal
illness (10), we performed a standard taste-
aversion experiment using vaginal secre-
tion from estrous females as the taste stim-
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