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SUMMARY. Upon exposure to low levels of various volatile compounds such as
n-heptanol, methanol, CHC13, mercaptoheptane, etc,, the sporangiophore of
Phycomyces blakesleeanus responds with a transient and reproducible decrease
in its elongation rate. All 22 volatile substances tested (except Ho0) elic-
ited negative responses., The amplitude of the responses depends on the com-
pound and its concentration. A cheracteristic concentration, required for
50% inhibition, correlates remarkable well with the human olfactory threshold
(coefficient of correlation r = 0.89 (P < 0.001)). Perhaps some process in
olfaction is common to this fungus and higher systems.

Receptor cells of the olfactory epithelium are responsible for the trans-
duction of olfactory signals in higher vertebrates., Olfactants are thought
to change the membrane potentials of these cells but the molecular mechanism
is unknown, Model systems for chemical transduction include bacterial chemo-
taxis (1), algal and fungal sexual attraction {2), protozoan chemotaxis,
especially paramecium excitability (3), slime mold chemotaxis (L4), and the
newly described electrical response of Nitella (5). None of these, however,
involve volatile chemical signaling.

Clearly volatile substances affect all exposed living systems. 002 and
802 in air influences the transpiration rate of higher plants, Recently it
has been shown that aldehydes and terpenoids at concentrations as low as 1.4
ppm decrease transpiration in wheat (6). A major difficulty in elucidating
the mechanism of these responses seems to be the lack of a good model system.
Such a system should provide s large and measurable behavioral response which
can be correlated with other concurrent physiological responses, belongs to
an organism convenient to obtain and to grow, relates easily to other systems,

and is amenable to biochemical genetic analysis.

0006-291X/79/030877-08$01.00/0

Caopyright © 1979 by Academic Press. [nc.
877 All rights of reproduction in any form reserved.



Vol. 86, No. 3, 1979 BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS

A recent publication of ours argues that the avoidance response of

Phycomyces blakesleeanus is mediated by a volatile self-emitted effector

molecule which enhances its growth rate (7). In the course of attempting to
identify this gas, we discovered that the sporangiophore of Phycomyces is
exquisitely sensitive to several volatile chemicals. Moreover, a relation-
ship exists with human olfaction. Although some of the gases tested are
emitted by Phycomyces, none can be the avoidance gas since all elicit a

negative growth response,
MATERIALS AND METHODS

Phycomyces was grown on 4% potato dextrose agar (Difco) supplemented
with 0.25 ppm thiamine HC1 in 3 em® vials, All sporangiophores but the
specimen to be tested were plucked and discarded. The specimen, 2.5 - 3.5
cm tall, was enclosed in a glass container, 7.5 x T.5 x 2.5 cm, made from
microscope slides, with a piece of filter paper affixed to one side and 0.5
mn slit in the glass top on that side. The system was completely closed ex-
cept for the slit, The temperature was 2i° + 1C. The sporangiophore was
allowed to adapt for 30 min and then the rate of growth was measured utiliz~
ing a telescope equipped with a Filar micrometer, The average growth rate ’
was about 50 pemin™ . Before introduction, chemicals were mixed with a
inert adjuvent perfluorotributylamine. 100 pl of the mixture containing the
appropriately diluted odorant was delivered by a syringe to the filter paper
vhere it rapidly volatilized, We calculate that a constant concentration is
reached within the house in 7 sec, The rate of effusion through the slit was
measured by injecting {l*C]~toluene into the house, withdrawing 1 em?® samples
at times 0, 2, 5, 10, 20, 40, and 60 min, and determining radioactivity using
a scintillation counter. The half-time observed was 49 min, Since the re-
sponse to odorants was generally over in 15-25 min, we infer that effusion
has no significant effect on our conclusions.

RESULTS

Experiments were done blindly: observers were given random experiments
to perform; they were unaware of expected results and were not advised on
possible interpretations. Figure 1 is part of a series of experiments using
3-methyl-5-heptanone. One and & half to 3 min after the injection the growth
rate of the sporangiophore starts to decrease; at about 5 min, a minimum is
reached., For moderate stimulation the growth rate quickly returns to normel.
However, if the diminution of growth rate is greater than about 60-T0%, the
minimum is attained at the same time (Fig. 1, bottom), but growth may con=

tinue at slow rates for as long as one hour before returning to normal. No
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1. The negative growth responses of Phycomyces blakesleeanus to several con-
centrations of 3-methyl-S-heptanone in perfluorotributylamine. Numbers
denote final concentration in pmole.1-!, The arrows indicate the time of
injection. The mine experiments shown were done on separate svorangio-
phores. Injection of perfluorotributylamine resulted in no response
(+ 5%) in numerous controls.

doses in the concentration range considered here appeared toxic, for all
specimens eventually returned to a near normal growth rate. More than 400
olfactory experiments were performed, each on & separate sporangiophore. All
concentrations were at least a factor of 5 below vapor saturation levels under
the experimental conditions. For several volatile organic compounds, the
plot of the percent growth rete diminution vs. log concentration [umole 171}
appears biphasic (Fig. 2). The biphasic nature of the response is unlike the

electrical responses of Nitella (5), however, it should be recalled that the
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2. Growth inhibition as a function of the logaritim of the olfactant concen-
tration in umole.l"!, Six examples are shown. Flags at data points repre-
sent two standard deviations, three to six measurements are averaged.
Points with no error bars indicate 1-2 determinations. Each measurement
is with a different sporangiophore, 3-Me-~5-H is 3-methyl-S5~heptanone,
Concentrations required for 50% inhibition (IDg5y) were interpolated using
a least square analysis of curves such as these, Note that in the worst
case (n-heptane) such analysis leads to only a 5% maximum error in l4g
Ip

50°

observable perameter in Phycomyces is & physiclogical behavior which may have
been transduced nonlinearly from a linear primery process. Thresholds are
difficult to evaluate precisely because of the shallowness of the curves.
Most are of the order of 100 pmol+1~! (10'? molecules om™ %),

To characterize the stimulus~response behavior, the concentrations of
various effectors required to produce a So%ltransient attenuation of growth
(IDSO) were determined., A plot of log ID5o vs, the log of the human olfac-
tory threshold, Cy [umole«17!], 1s linear through several orders of megnitude
(Fig. 3). Linear regression analysis ylelds the equation log ID50 = 0.351
log Cy + 2.T4. The linear correlation coefficient, r, is 0.89 (¥ = 11, P <

0.001),
DISCUSSION

Olfaction in Phycomyces and in humans thus appear to be related. Such

relationships between measured responses to olfactants and human olfactory
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3. Log IDgy versus the log of the human olfactory threshold, log Cy, both in
umole-z“’. The equation log ID50 = ,351 log Cy ¥ 2.Th was derived by
linear regression. The linear correlation coe?ficient » = 40,89 (N=11)
corresponds to P (r, N) < 0,001, where P (r, N) is the probability that
if two variables are uncorrelated, a random sample of N observations will
yield a correlation coefficient greater than Irl. Values of human thresh-
014 are from reference (8), except 1-octanol (9} and heptane (10). Note
that values in (8) are low by 10°. ‘For compounds tried and not shown
here, either insufficient data was gathered or human threshold data could
not be found. Every relevant experimental determination was used.

threshold are not unique to Phycomyces, even among the lower eukaryotes.

Ueda and Kobatake (1l) report similar correlations in Tetrahymena, Physarum,

and Nitella. These correlations provide strong evidence that from protist
to Homo sapiens olfactory transduction includes at least one very similar
process.

IDso's of Phycomyces do not correlate well with dielectric constant, di-
pole moment or several other physical parameters. They do bear a relation-
ship to the positive surface tension increments induced by odorants in phos-
pholipid monolayers as measured by Koyama and Kurihana (12). These authors
argue that olfaction is mediated by olfactants adsorbed to or intercalating
into the cell membrane phospholipid bilayers of receptor cells. However, the
possibility remains that the correlated parameters may be more appropriately

related to a more fundamental physical parameter not yet deciphered. Never-
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theless, any attempt to elucidate human olfaction must also explain olfaction
in Phycomyces.

An important caveat has been pointed out by Beets (13). Human threshold
measurements at the nares do not account for the differential "trapping” of
odorific compounds in the nasal cavity. A truer picture of the response to
8 giVen olfactant at the receptor, he feels, would be obtained by measuring
concentration and receptor potentiasls at the receptor cells. Unfortunately
very little such data exists and current studies all refer to threshold at
the nares.

While the ID 0 values are all well above the human threshold concentra-

5
tions, Phycomyces threshold concentrations are as much as 10% - 10" 1ower,
“The response of Phycomyces to several odorants exhivits one form of adapta-
tion. For example, stimulastion by heptanethiol elicited an inhibition re-
sponse of 31%; after the growth rFturned to normal, a second injection ol the
same concentration yielded only a 10% response, A strong light growth re-
sponse occurs even at the chemically induced minimum growth rate, Mutants of
Phycomyces which have aberrant light and avoidance responses are available
and some have been assigned to complementation groups. The mutant strain
€149, which is termed "stiff" because it fails to respond to these physio-
logical stimuli, responds identically as wild type to several olfactory
stimali,

In agreement with our previous report (7), water vapor gave no response
up to 1007 relative humidity. We tested 11 additional volatile substances
(14) and 211 elicited a negative growth response; no volatile compound pro-
duced a positive growth response or no response in our laboratory, (Ethylene
has been reported to give a slight positive response {(15)). The fluorocarbon
perfluorotributylamine elicited no response presumable because it is nonvol-
atile at 2k°.

The major advantage of Phycomyces &8s & model system is that a behavioral

response to olfactants is easily and reproducible measured in an organism
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quite amenable to biophysical, biochemical and genetic manipulation. The
stalk of the sporangiophore is nonseptate, essentially a giant single cell
several cm tall, All transduction processes must occur in the single cell,
Electrical measurements of Phycomyces have already been reported in another
context (16); obviously a requirement now is to determine longitudinal and
transverse membrane potentials and impedance changes after chemical stimu-
lation. Squeezed Phycomyces cytoplasm forms a protoplasmic drop which becomes
bound by a membranous material, much like the protoplasmic drops of Nitella,
whose electrical properties have been studied (5, 17). (However, Phycomyces
will eventually regenerate a complete plant from the drop (18, 19).

The latency, duration and amplitude of the olfactory responses are much
the same as those of other responses in Phycomyces; hence, the observations
are consistent with a common transduction pathway. The availability of chare
acterized mutants in the general transduction system should be useful in
understanding the olfactory response of Phycomyces. The addition of another
sensory system to the known repertoire of Phycomyces should be an important
aid in determining the ordering and the biochemical components of the trans-
duction pathway. In many respects the light stimulus - response system of
Phycomyces is the best understood of all eukaryote sensory systems (19, 20).

The olfactory sense appears to be a promising complement.
ACKNOWLEDGMENTS

We thank Mr, B, Sheline, Mr., D, Hampshire, Mrs. M. L. Garner and Mr, H.
Davis for technical assistance., Supported by NIH grant GM 19390.

REFERENCES

1. Adler, J. (1975) Ann. Rev. Biochem. LlL:341-356; Berg, H. (1975) Ann.
Rev. Biophys. Bioeng. 14:119-136,

2. Muller, D.G. (1968) Planta (Berl.) 81:160-168,

3. Hauser, D.C., Levandowsky, M., Hutner, S,H., Chunosoff, L., and Hollwitz,
J.S. (1975) Microbiol. Ecology, 1l:2u6-254; Kung, C., Chang, S.Y., Satow,
Y., Van Houten, J., and Hansma, H. (1975) Science 188:898-90k,

k. Robertson, A. and Grutsch, J. (197Th4) Life Sei, 15:1031-1043.

Se Ue«;, Tél: Kurihara, K., and Kobatake, Y. (1975) J. Membrane Biol. 25:

1=-284,

883



Vol. 86, No. 3, 1979 BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS

13.

1k,

15,
16,
17.

18.
19.

20.

Fries, N., Flodin, K., Bjurman, J. and Parsby, J. (1974) Naturwissen-
schaften 61:452-453.

Cohen; R.J., Jan, Y.N., Matricon, J., and Delbriick, M. {1975} J. Gen.
Physiol, 66:67-95.

Zwaardemarker, H. (1996) International Critical Tables 1:358, McGraw-Hill,
New York.

Davies, J.T. and Taylor, F.H. (1959) Biol. Bulletin 117:222,

Laffort, P. and Dravnieks, A.J. (1973) Theor. Biol. 38:335-3k5,

Ueda, T. and Kobatake, Y, (1977) J, Membrane Biol. 3k:351-3€8,

Komaya, N. and Kurihara, K. (1972) Nature 236: +ho2-Y0ok,

Beets, M.G.J. (1971) In Handbook of Semsorvy Physiology, L.M. Beidler, ed.,
Vol. 4, p. 266, Springer-Verlang, Berlin. Beets also suggests that
pure saturated hydrocarbons such as heptane have weak uncharacteristic
odors (p. 262). The elimination of heptane would have no significant
effect on our conclusion.

The volatile compounds are: acetal, bornyl acetate, chloroform, ethyl
acetate, heptanethicl, l-heptanol, 3-heptanone, heptanyl acetate, iso-
valeric acid, 2-octanol, and l-octen-3-ol.

Russo, V.E.A., Halloran, B. and Gellori, E. (1977) Planta 134:61-67.

Mogus, M.A. and Wolken, J.J. (197k4) Plant Physiol. 53: 512-513.

Inocue, I., Ishima, Y., Horie, H, and Takanaka, T . (1971) Proc. Japan
Acad. 47:549-553,

Weide, A, (1934) Arch. Exp. Zell Forsch 23:299-337.

Bergman, K., Burke, P.V., Cerda-Olmeds, E., David, C.N., Delbriick, M.,
Foster, K.W., Goodell, E,W,A,, Heisenberg, M., Meissner, G., Zalokar,
M., Dennison, D.S. and Shropshire, W. (1969) Bact. Rev. 33:99-157.

Lipson, EiD. (1975) Biophysical J. 15:989-1011; 1013-1031; 1033-10&5.

884



