
Fig. 1. Visible results of surface tension 
acting against an abstricting force. (A) 
Sterigma and young basidiospore of 
Melaempsora epitea (camera lucida draw- 
ing from cytological preparation). (B) 
Late phase of splash in milk, droplet sep- 
arating (6) (not to scale). 

transverse blow from the bursting bub- 
ble must cause the near side of the 
sterigma to break first, which further 
invalidates Prince's explanation. The 
conidia of Entomophthoraceae are dis- 
charged by essentially the mechanism 
proposed by Prince, but under very 
different circumstances. The septum is 
very broad in proportion to the spore 
diameter, and the mechanical advantage 
is consequently relatively enormous. 
The broad base must also limit the di- 
rectional error imposed upon a conid- 
ium by uneven rupturing of the co- 
nidiophore wall. Moreover, imperfect 
discharge in Entomophthorales, whose 
conidia are exposed to such secondary 
means of transfer as wind, rain, or in- 
sects, is much less serious than it would 
be in most higher basidiomycetes, 
whose undischarged spores are sheltered 
by folds, teeth, tubes, or gills. 

Ten years ago, in another context, 
I published (4) drawings of a sterigma 
and young basidiospore of the rust 
Melampsora epitea beside a tracing 
of one of Edgerton's photographs of a 
droplet being abstricted from splashing 
milk (Fig. 1). The curves of minimal 
area exhibited by spore and sterigma- 
visible results of surface tension operat- 
ing against an abstricting force-prove 
that the spore does not grow from a 

rigid sterigma but is thrust from a fluid 
one. Only when the ultimate shape has 
been achieved is it made permanent 
by deposition of a rigid wall in both 

spore and sterigma. Active streaming, 
which must either induce or be caused 

by electrical potential, occurs during 
spore formation; and the abstriction 

may be caused by like charges centered 
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in the spore and below the base of 
the sterigma. If the repulsion that must 
exist during spore formation persists 
until the bubble bursts, we have an 
accurately directed discharge that satis- 
fies requirements. When I stumbled on 
this possible explanation 2 years ago I 
discussed it with colleagues in several 
disciplines, in the hope of devising a 
method of testing it. (My mortification 
at needing 8 years to make this modest 
deduction is partly assuaged by the ap- 
parent failure of anyone else to make 
it.) Failure to devise a test and the fact 
that my explanation, like previous ones, 
did not account for the supposed drop- 
let discouraged me from publishing. 
However, if we combine the bubble 
and repulsion mechanisms we have a 
unified theory that seems to fit the ob- 
served facts: the sterigma tip is snapped 
by abrupt bending, and the spore is 
regularly discharged in the appropriate 
direction and, in tube and gill fungi, 
for an appropriate distance. This dis- 
charge mechanism is so reliable that it 
has become the most distinctive fea- 
ture of a large and ecologically impor- 
tant group of fungi. 

The testing of the repulsion theory 
presents a challenge. A charge on the 
falling spores might be detected by ob- 
serving their deflection in falling 
through an electric field, as was at- 
tempted by Buller (2); but as John 
Hart has pointed out to me, demonstra- 
tion of a residual charge is inconclu- 
sive; for separation of a spore (with 
a membrane or polar molecules) from 
its sterigma would probably induce a 
small charge upon it. 

In many Basidiomycetes the hy- 
menium lines slender vertical tubes or 
covers closely spaced gills. It is im- 
portant that the spores should not be 
thrown too far and should not drift 
laterally before they fall free of the 
hymenium. A persistent charge of the 
same sign as that upon the hymenium 
would help to prevent such accidents. 

One inevitably wonders how such an 
elaborate mechanism arose. When the 
fungi first left their ancestral aquatic 
habitats it was vital to replace their 
now largely functionless motile spores 
with effective dispersal agents (5). At 
first the spores were probably dispersed 
largely by rain or spray; but, if the 

fungi were to penetrate all terrestrial 
niches successfully, air-borne spores 
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is strongly adaptive in facilitating 
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the process of spore formation on a 
slender sterigma. It is not so simple to 
visualize the evolution of the bubble 
mechanism. Gas may have been origi- 
nally a chance metabolic byproduct, 
which occasionally burst irregularly 
through the primary membrane of the 
spore. If the rupture even occasionally 
served to break the sterigma tip, per- 
fection of the bubble mechanism by 
further mutations would be expected; 
for maintenance of the repulsive charge 
consumes energy, and a device that 
ensures more prompt release of the 
spores at maturity than enzymatic dis- 
solution of the wall could provide 
would be highly adaptive. 
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Glutathione as an Inducer of 

Feeding in Ticks 

Abstract. Ticks engorged solutions 
containing reduced glutathione as read- 
ily as blood, provided that the tonicity 
of the solutions was adjusted to that of 
plasma. Among substances tested this 
effect was specific for the tripeptide. 
Glutamic acid inhibited the feeding 
response. 

The tick Ornithodoros tholozani 
(Laboulbene and Megnin) is the vector 
of Asiatic human relapsing fever in the 
Near East. Its hosts are various mam- 
mals, both wild and domestic, as well as 
man. From the first nymphal stage the 
tick normally feeds every few months 
and can survive several years of starva- 
tion. Since blood is the only fluid im- 
bibed by ticks, the question arises as to 
what substance or substances initiate the 
feeding response. 

Ornithodoros tholozani can be easily 
fed on blood through an artificial mem- 
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glass ring. The ticks probe through the 
membrane into the solution provided it 
is warmed to 38?C, but they do not im- 
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bibe the liquid unless it contains appro- 
priate stimulants. In our experiments, 
about 80 percent of the nymphs that 
had been starved for 2 years fed within 
2 hours through such a membrane on 
sheep blood. Almost the same response 
was obtained when whole blood was 
substituted by a hemolysate of washed 
erythrocytes. No feeding took place on 
water or saline isotonic with blood. 

The factor which stimulates the feed- 
ing response in the blood-sucking mos- 
quito Aedes aegypti L. is adenosine tri- 
phosphate (ATP) (1). However, 10-'M 
or 10-3M ATP with or without the addi- 
tion of 0.15M NaCl was refused by the 
ticks, and another stimulant had to be 
sought. 

The red cell hemolysate was not uti- 
lized by the ticks after it had been sub- 
jected to extensive dialysis. Further- 
more, when the hemolysate was dialyzed 
against an equal volume of saline for 48 
hours, the diffusate was readily taken up 
by the ticks. The diffusate lost most of 
its activity after heating to 100?C for 
15 minutes. Thus we inferred that a 
thermolabile compound of low molecu- 
lar weight is at least partly responsible 
for the feeding response. Among the 
various red-cell constituents which we 
considered to have suitable properties, 
the tripeptide glutathione was chosen as 
a likely candidate. When glutathione 
(2) at a concentration of 1 0-M in 
saline, pH 7, was offered to the ticks, it 
was engorged rapidly. As a typical ex- 
ample, a 5-mg nymph imbibed 30 mg 
of this fluid in 10 minutes. To ascertain 
that the effect of the reduced glutathione 
was not due to an impurity we con- 
ducted the following test. To the solu- 
tion of glutathione a slight excess of 
S,5'-dithiobis (2-nitrobenzoic) acid was 
added. This compound combines speci- 
fically with sulfhydryl groups (3). After 
this treatment no feeding took place 

Table 1. The feeding response of 0. tholozani. 
Abbreviations: GSH, reduced glutathione. 

No. of No. 
Compound experi- Nticks feeding 

ments (%) 

Whole blood 5 139 78 
Hemolyzed red cells 6 131 59 
Distilled water 2 40 0 
0.15M NaCl 3 100 0 
0.3 M sucrose 3 60 0 
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Table 2. Effect of glutathione analogues and 
some related amino acids on the GSH feeding 
response. Results expressed as the percentage of 
the total number feeding on the compound; 
10-2M GSH was added to each compound. 
Abbreviations: GSH, reduced glutathione; 
GSSG, oxidized glutathione; GABA, 'y-amino 
butyric acid. 
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butyric acid. 

Compound* Compound* 
No. 

feeding 
(%) 

No. 
feeding 

(%) 

Control (GSH alone) 64 4 3.6t 
L-Glutamic acid 22 ? 5.4 
D-Glutamic acid 28 4- 7.3 
Glutamine 52 4- 6.9 
GABA 56 4 4.6 
/-cysteine 59 =4 5.1 
S-methyl-glutathione 60 i= 6.7 
GSSG 71 4 4.5 
Glycine 71 ?t 5.1 
* All analogues were tested at 10-2M. t Stand- 
ard error of the mean, calculated on the basis of 
results with at least 6 groups of 20 ticks each. 

until addition of excess glutathione re- 
stored its original concentration. Table 1 
shows that a significant response could 
be elicited also by a 10-3M glutathione 
solution, but not by a 10-'M solution. 
The concentration of glutathione in 
mammalian blood is of the order of 
10-3M (4). Thus the decreased response 
of the ticks to this concentration might 
indicate that other substances present in 
blood have an additive or sinergistic 
effect. 

The tonicity of the solution was of 
paramount importance. Optimal results 
were obtained with solutions whose os- 
motic pressure was isotonic with that of 
blood. The nature of the solute did not 
seem to play a decisive role since both 
the nonelectrolyte sucrose and NaCl 
induced a similar response, while KC1 
was less effective. On the other hand, 
the response to glutathione was highly 
specific. No feeding response was ob- 
tained with oxidized glutathione, S- 
methyl-glutathione (5), or with any of 
the constituent amino acids: glycine, 
cysteine, or glutamic acid. Only glutamic 
acid, in either the L or D configuration, 
exerted considerable inhibitory action 
when used at concentrations equal to 
that of the glutathione present (Table 
2). Since neither glutamine nor y- 
amino-butyric acid produced significant 
antagonistic action, one can deduce that 
the glutamic acid moiety plays an im- 
portant and specific role in the attach- 
ment of glutathione to its chemoreceptor 
site. 

Other ticks, the common fowl tick 
Argas persicus (Oken) and the eyeless 
tampan Ornithodoros moubata (Mur- 
ray), were also induced to feed by 
glutathione, but unlike 0. tholozani a 
definite though small percentage of 
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these populations also imbibed saline 
alone. 

The specificity of glutathione in acti- 
vating the sucking response of the tick 
bears a striking resemblance to the role 
of this tripeptide in the well-known case 
of the feeding reflex of Hydra littoralis 
(6). This is further emphasized by the 
inhibition exerted by glutamic acid (7). 
Although the sulfhydryl group (SH) of 
glutathione is not essential for its action 
on the Hydra receptor (8), blocking the 
SH by the methyl group renders the 
tripeptide ineffective as a stimulator of 
feeding for ticks. However, it is also 
possible that, as in the case of Hydra 
(9), other substances not related to 
glutathione will be found which have 
similar effect. In any case, our investiga- 
tion may widen further the evolutionary 
significance of glutathione-activated re- 
ceptors beyond the hydrozoan group 
(10). 
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the blastocoel of early gastrulae results 
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ectoderm. The effect can be explained 
by a change in cell affinities in the 
ectoderm, initiated by the mesodermal 
factor. 
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