
2) Suprachiasmatic lesions do not affect 
the clock directly but instead, regardless of 

photoperiod, produce the perceptual illu- 
sion of constant high intensity illumination 
which may have effects on the three 
rhythms in question identical to those de- 
scribed in hamsters with lesions (3, 16). In 
many animals with such lesions, patterns 
of locomotor activity in LD 14:10 differ 
from those in DD (Fig. 1). If the lesions in 
these animals produced a perceptual illu- 
sion of continuous illumination, one would 
expect similar locomotor patterns regard- 
less of the ambient photoperiod. We have 
seen animals in which the lesion did not 
abolish locomotor rhythmicity, but, rather, 
altered its phase relationship to the photo- 
period. In every animal thus affected, the 
suprachiasmatic nuclei were only partially 
destroyed. This suggests that less than to- 
tal damage to the clock may alter either 
tau (r), the free-running period length of 
the clock, or the relationship of the clock 
to the entraining light cycle. 

3) The suprachiasmatic nuclei may not 
be the primary clock but rather a coupled 
oscillator in a two- or multi-oscillator sys- 
tem. To negate this hypothesis, it would be 
necessary to isolate the suprachiasmatic 
region from all the neural input (except 
that from the retinas) leaving efferent con- 
nections intact, and then to view main- 
tained entrainment of the rhythms in ques- 
tion. This monumental feat has not yet 
been accomplished in hamsters. However, 
these facts remain: (i) in hamsters the pri- 
mary (self-sustained) oscillator in a multi- 
oscillator system must receive photic in- 
put, whereas other driven oscillators need 
not necessarily be so endowed, and (ii) the 
only known direct visual projection outside 
of the classical primary and accessory op- 
tic pathways in both the hamster and the 
rat is to the suprachiasmatic nuclei. 

4) The suprachiasmatic nuclei may be a 
primary oscillator regulating a variety of 
rhythms. The strongest supporting evi- 
dence is (i) the visual pathway from the ret- 
ina to the suprachiasmatic nuclei, and (ii) 
the fact that seemingly unrelated rhythms 
ranging from locomotor activity to adrenal 
corticosterone content (1, 2) are abolished 
when the suprachiasmatic nuclei are de- 
stroyed. We believe it unlikely, although 
by no means impossible, that a single driv- 
en oscillator would be involved in the ex- 
pression of so many different rhythms. Al- 
though further research is needed, we ten- 
tatively conclude that the nucleus supra- 
chiasmaticus is a biological clock in the 
hamster. 
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Bark beetles that attack coniferous trees 
are exposed to high concentrations of 

monoterpenes as they encounter resin ex- 

uding from the injured tissues of their 
hosts. Exposure of adult beetles to vapors 
of individual terpenes results in the forma- 
tion of oxidation products, including 
pheromones, which are detected in the 

hindgut (1). The host monoterpene a-pi- 
nene has been converted to cis- and trans- 
verbenol and myrtenol by every species 
that we studied. 

Since the verbenols are dissymmetric 
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molecules and the biological activity of an 
insect pheromone may depend on its chi- 
rality (2), we were interested in determin- 
ing whether bark beetles might preferen- 
tially oxidize (+)- or (-)-a-pinene and 
whether the optical rotation of the prod- 
ucts would be dependent on the rotation of 
the precursor. The species chosen for this 
study was Ips paraconfusus Lanier, since 
cis-verbenol is a component of the phero- 
mone system of this beetle (3). 

Adult male and female beetles were ex- 
posed to the vapors of (+)-a-pinene 
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Selective Production of cis- and trans-Verbenol 

from (-)- and (+)-a-Pinene by a Bark Beetle 

Abstract. A unique biological system whereby optical isomers are selectively trans- 
formed to geometrical isomers is demonstrated in Ips paraconfusus. Exposure of adult 
male and female beetles to vapor of(-)-a-pinene resulted in the production of (+)-cis-ver- 
benol, a pheromone of this species, whereas (+)-a-pinene was oxidized to (+ )-trans-ver- 
benol. It appears, therefore, that the ability of a bark beetle to produce its aggregation 
pheromone can be governed by the chirality of a precursor in the host tree. 
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Fig. 1. Gas chromato- 
grams of hindgut vola- 
tiles from Ips para- 
confusus males after ex- 
posure of the beetles to 
vapors of optically puri- 
fied and racemic a-pi- 
nene. 

10 15 20 25 

TIME IN MINUTES 

(K & K Laboratories) ([a]3 = +20.2) and 

(-)-a-pinene (Chemical Samples Co.) 
([c]2 = -45.6) for a period of 24 hours 
(4). The beetles' hindguts were then re- 
moved and stored at -70?C until approxi- 
mately 5000 were collected from each sex 
treated with each optical form of a-pinene. 
The hindgut samples were extracted with 
ethyl ether, and the extracts were subjected 
to gas chromatography [15 percent free 
fatty acid polyesters (FFAP) on Varaport 
30; 1.85 m by 2 mm internal diameter, 
glass; 120?C]. The results indicated that 
the treatment with (+)-a-pinene resulted 
in the production of predominantly trans- 
verbenol by both sexes. However, pre- 
dominantly cis-verbenol was produced 
by both sexes after treatment with (-)-a- 
pinene. Approximately the same amount 
of myrtenol was formed in each case. The 
experiment was repeated several times 
with only five beetles for each sample, 
and the same results were consistently 
obtained. The identities of the verbenols 
and myrtenol were confirmed by mass 
spectrometry, infrared spectroscopy, and 
nuclear magnetic resonance spectroscopy. 

Each hindgut extract was subjected to 
short-path distillation, and the major vola- 
tile products were collected by preparative 
gas chromatography (15 percent FFAP on 
Varaport 30; 1.85 m by 4.5 mm internal di- 
ameter, stainless steel; 140?C) (5). The col- 
lected fractions were rechromatographed 
in order to obtain each compound in a high 
degree of purity, and the optical rotation of 
each product was measured. The cis-verbe- 
nol obtained from the (-)-a-pinene treat- 
ment of both sexes was dextrorotatory, 
[aC]2 = +5.9 (0.1, methanol) for the fe- 
male sample and +5.6 (0.07, methanol) for 
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the male sample. The trans-verbenol re- 
sulting from (+)-a-pinene exposure was 
also dextrorotatory, [a]2D= +127 (0.41, 
methanol) for the female material and 
+ 125 (0.34, methanol) for the male mate- 
rial. The sign of rotation of the myrtenol 
was the same as that of the a-pinene used 
in each case. From (-)-a-pinene, the spe- 
cific rotation of the myrtenol was [a]2 = 
-45 (0.06, methanol) for the female sample 
and -50 (0.03, methanol) for the male 
sample. The myrtenol from (+)-a-pinene 
had a specific rotation [a]" = +11 (1.4, 
methanol) for the female sample and +6.7 
(0.04, methanol) for the male sample (6). 

The optical purity of the a-pinene used 
in these studies, although.adequate for the 
original objectives, was relatively low. In 
view of the results, we were interested in 
repeating the basic experiment with a-pi- 
nene samples of high optical purity. Such 
samples were obtained by differential com- 
plexing of the a-pinene enantiomorphs 
with silver perchlorate (7). After the sam- 
ples were repeatedly purified by this meth- 
od, the optical rotation of the (+)-a-pinene 

(+) L..> + 

(+) /rans -verbenol 

a-pinene 

(-) I 

(+) 

myrtenol 

CH20H 

I 

C ---OH 

c/s- verbenol 

Fig. 2. Oxidation of a-pinene enantiomers by 
Ips paraconfusus. 

was [a]2 = +51.22 and of the (-)-a-pi- 
nene was [a]D = -51.30. These values 
represent an optical purity of > 97 percent 
in each case, based on the highest reported 
value of +52.4 for (+)-a-pinene (7). 

Ips paraconfusus adults were exposed to 
the optically purified a-pinene enan- 
tiomorphs and to a racemic mixture in the 
same manner as before. Hindguts were 
taken from 20 beetles of each sex from 
each treatment, and the extracts were ana- 
lyzed by gas chromatography. The chro- 
matograms (Fig. 1) showed that more than 
97 percent trans-verbenol was produced 
from the (+)-a-pinene and at least 95 per- 
cent cis-verbenol was obtained from the 
(-)-a-pinene, whereas treatment with (+)- 
a-pinene resulted in approximately equal 
quantities of the two verbenols. As noted 
before, the amount of myrtenol produced 
was unaffected by the chirality of the a-pi- 
nene used. 

The results suggest that both sexes of Ips 
paraconfusus produce only the cis isomer 
of verbenol from optically pure (-)-a-pi- 
nene and only the trans isomer from opti- 
cally pure (+)-a-pinene. The sign of rota- 
tion of trans-verbenol is the same as that of 
its precursor, whereas the sign of rotation 
of cis-verbenol is reversed from its pre- 
cursor (Fig. 2). Significantly, this reversal 
is restricted to the formation of the one 
product known to be involved in the phero- 
mone system of this beetle. It appears like- 
ly that the cis- and trans-verbenols pro- 
duced by the beetles are optically pure, re- 
gardless of the optical purity of the a-pi- 
nene, whereas the optical purity of the 
myrtenol is directly related to the optical 
purity of the a-pinene. 

To our knowledge, this is the first report 
of an organism that is capable of selective- 
ly converting enantiomorphs of a pre- 
cursor into products which are geometrical 
isomers. The biological implication of this 
finding is significant. Bark beetles depend 
on a system of aggregation pheromones 
for their mass attack and colonization of 
host trees. This specific precursor require- 
ment means that variations in optical rota- 
tion of the a-pinene in the trees can strong- 
ly influence the pheromone production by 
this species. 

J. A. A. RENWICK 

P. R. HUGHES, I. S. KRULL 

Boyce Thompson Institute, 
Yonkers, New York 10701 

References and Notes 

1. P. R. Hughes, Naturwissenschaften 60, 261 (1973); 
Z. Angew. Entomol. 73, 294 (1973); J. A. A. 
Renwick, P. R. Hughes, T. D. Ty, J. Insect 
Physiol. 19, 1735 (1973). 

2. R. G. Riley, R. M. Silverstein, J. C. Moser, Sci- 
ence 183, 760 (1974). 

3. R. M. Silverstein, J. O. Rodin, D. L. Wood, ibid. 
154, 509 (1966). 

4. J. P. Vite, A. Bakke, J. A. A. Renwick, Can. Ento- 
mol. 104, 1967 (1972). 

SCIENCE, VOL. 191 



5. The analytical gas chromatograph was a Varian 
1200, with a flame ionization detector. The prepar- 
ative model was an Aerograph 700, with a thermal 
conductivity detector. Mass spectra were obtained 
with a Hitachi-Perkin-Elmer RMU-6E coupled to 
a Varian Aerograph 204 gas chromatograph. Opti- 
cal rotation measurements were made with a Per- 
kin-Elmer 141 polarimeter. 

6. No attempt was made to determine the limit of er- 
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We have found that 4-month-old in- 
fants respond to differences in wavelength 
as though they perceived categories of 
hue-blue, green, yellow, and red. That is, 
infants responded differently to two 
wavelengths selected from adjacent adult 
hue categories (for example, blue at 480 
nm and green at 510 nm) but did not re- 
spond differently to two wavelengths sepa- 
rated by the same physical distance but se- 
lected from a single adult hue category (for 
example, blues at 450 nm and 480 nm). 

Modern school children still paraphrase 
Newton's original observations on the cat- 
egories of hue in the spectrum (1). 
The Original or primary colours are, Red, 
Yellow, Green, Blew, and a Violet-purple, to- 
gether with Orange, Indico, and an indefinite va- 
riety of Intermediate gradations. 

Substituting narrow monochromatic radi- 
ation for prism-dispersed sunlight, and 
psychophysical techniques for introspec- 
tion (2), modern research has confirmed 
the relationship between wavelength and 
color naming given in Newton's original 
experiments. Wavelengths are usually de- 
scribed by one or two primary hue names 
(Fig. 1). Color-naming functions are 
roughly characterized by plateaus-wave- 
length ranges which form categories where 
a single hue term predominates-and by 
boundaries between the plateaus. Al- 
though the physical dimension is continu- 
ous, the psychological structure is dis- 
continuous. Moreover, it has been argued 
that discrimination is typically poor nearer 
the center of plateaus (these wavelengths 
look the same and, hence, tend to be called 
by the same name), but discrimination is 
good at boundaries between hues (as chro- 
matic distinctions become clearer, color 
names change) (3). The categorical per- 
ception of hue may have a biological basis. 
De Valois (4), for example, has demon- 
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ror in the optical rotation measurements since not 
the order of magnitude, but only the sign of the ro- 
tation was considered important in our study. 
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strated that discrimination of wavelength 
in the macaque (which has demonstrated 
color vision identical with normal human 
adult trichromats) is a function of chro- 
matic analysis by thalamic neural tissue. 
Furthermore, Bornstein (5) has matched 
the results of cross-cultural studies on the 
designation of hue category centers to the 
sensitivity maxima of these same neural 
cells. Finally, the observation that at least 
two infrahuman species (6) see hues cate- 
gorically makes the assumption of a bio- 
logical basis for qualitative chromatic dis- 
tinctions more plausible than the alterna- 
tive assumptions about learning and lan- 
guage. 

These logical, psychological, neurologi- 
cal, and ethological considerations led us 
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Fig. 1. (Upper panel) Results for seven infant ex- 
perimental groups. Dots stand for habituation 
stimuli, vertical bars for category and boundary 
stimuli; a horizontal connection indicates a lack 
of difference in mean looking times between 
wavelengths, and a gap indicates, by com- 
parison, a statistically significant difference (see 
Table 1) (18). The summary gives ranges of 
wavelengths responded to as similar by infants 
as well as ranges of probable transition between 
hues. (Lower panel) Adult color-naming func- 
tions replotted after Boynton and Gordon (14). 
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to hypothesize that very young human in- 
fants would see the physical spectrum in a 
categorical fashion much like that of 
adults. To test this hypothesis, we made 
use of the fact that babies look less and less 
at a visual stimulus that is repeatedly 
presented (7). At the end of the so-called 
habituation phase, a test stimulus per- 
ceived by the child as dissimilar from the 
first stimulus produces increased looking 
(dishabituation); if, however, the child sees 
the test stimulus as similar to the first stim- 
ulus, looking time remains low (continued 
habituation). 

In our experimental situation, infants 
were shown a given wavelength of light 
(habituation stimulus, HS) (8) for fifteen 
15-second trials followed by a series of nine 
15-second test trials. Intertrial intervals 
averaged 7.5 seconds. The test series con- 
sisted of three blocks each containing three 
randomized stimuli: HS and two physically 
different stimuli, one selected from the 
same category as HS (category stimulus, 
CS) and one selected from a category adja- 
cent to HS (boundary stimulus, BS). In this 
design infants serve as their own controls 
since they are continuously probed in the 
test series for their responses to HS (9). 

Our main hypothesis was that the basic 
hue categories (blue, green, yellow, and 
red) and the boundaries between categories 
(blue-green, green-yellow, and yellow-red) 
common to adults would exist in infants. 
Consequently, we chose wavelength stimuli 
to straddle the color-naming boundaries 
(HS and BS) or to fall wholly within a 
single adult color-naming category (HS 
and CS). Moreover, BS and CS in each 
test sequence were separated by equal 
physical distances (in nanometers) from 
HS. Thus, for example, HS for experimen- 
tal group 2 was a 480-nm light which 
adults perceive as mostly blue, CS was a 
450-nm light perceived by adults also as 
blue, and BS was a 510-nm light perceived 
by adults as mostly green. Consequently, if 
babies look longer at one or another of the 
test stimuli of 450, 480, and 510 nm, then 
we would have inferential evidence about 
the infants' perception of the similarities 
and qualitative categorization of these 
wavelengths. Each boundary was explored 
by two groups of infants-for one group 
HS and CS were drawn from the category 
on the short-wavelength side of the bound- 
ary (for example, experimental group 2) 
and for a second group HS and CS were 
drawn from the category on the long- 
wavelength side of the boundary (for ex- 
ample, experimental group 3). Thus, HS in 
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Eight groups of ten healthy, full-term 4- 
month-old Caucasian infants were seen. 
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The Categories of Hue in Infancy 

Abstract. Infant looking time was monitored during habituation to the repeated pre- 
sentation of a wavelength stimulus selected from one basic adult hue category and after a 
change in stimulation. Recovery from habituation was greater to a wavelength selected 
from an adjacent hue category than to a wavelength from the same category even though 
these two stimuli were equally distant (in nanometers)from the habituation wavelength. 
Differential responding evidenced infants' categorical perception of hue; that is, infants 
see the physically continuous spectrum as divided into the hue categories of blue, green, 
yellow, and red. These results help to resolve the long-standing controversy surrounding 
the primacy of perception over language in the organization of hue. 
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