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and in particular, that they do not 
seem to reduce the activity of IIIb. 
Polarity might actually exist between 
genes other than the IIIa-IIIb pair and 
yet not be observed in complementa- 
tion tests if the products of these other 
genes are adequate for phage growth, 
even if present only in small quantities. 
However, it is clear from our results 
that polar mutations can noticeably af- 
fect IIIb, perhaps indicating that the 
viral coat protein which IIIb makes 
(4) is a major phage component re- 
quired in large quantities. Therefore, 
the fact that su mutants in genes other 
than IIIa do not reduce the activity of 
IIIb in complementation tests suggests 
that none of the known genes pre- 
cedes IIIa in a coordinate translation 
with IIIa, for otherwise the polarity 
model would suggest that such mu- 
tants should be defective in IIIb. The 
other genes then must either follow 
IIIa and IIIb in coordinate translation 
or else be translated independently of 
IIIa and IIIb. By the same arguments, 
we would expect to find that IIIa and 
IIIb are coordinately transcribed into 
the same species of mRNA, but it re- 
mains to be determined whether any or 
all other phage genes are included. 

Because the mature phage DNA is 
single-stranded (10), it too has a polari- 
ty, which can also be determined in 
reference to the genetic map. It is 
known for other systems (11) that the 
direction of translation of mRNA cor- 
responds to the direction from the 5'- 
to the 3'-end of a nucleotide. Since the 
mature phage DNA is homologous (8) 
to the mRNA and has the same 
polarity (12), the direction of transla- 
tion must also correspond to the 5'->3' 
direction of the DNA (Fig. 1). 
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Abstract. Sphingid moths (Manduca 
sexta) were reared for several genera- 
tions on an artificial diet deficient in 
vitamin A and its precursors. Retinal 
tissue from depleted moths was re- 
moved for histological examination. 
There was extensive histolysis in the 
retinal epithelium and underlying nerv- 
ous and connective tissues. This pathol- 
ogy correlated with severe visual im- 

pairment, even though normal growth, 
metamorphosis, and reproduction oc- 
curred. In the adult this pathology could 
be reversed when the larvae were 
reared only on tobacco (its usual host) 
or on the artificial diet supplemented 
with f/-carotene or vitamin A palmitate. 
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curred. In the adult this pathology could 
be reversed when the larvae were 
reared only on tobacco (its usual host) 
or on the artificial diet supplemented 
with f/-carotene or vitamin A palmitate. 

Inadequate intake of the fat-soluble 
factor termed vitamin A produces a 

purulent eye condition in rats (1), 
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porary night blindness. A similar type 
of nyctalopia in humans can often be 
relieved by dietary intake of large 
amounts of vitamin A (2), the bio- 
chemical rationale for this therapy be- 
ing that the prosthetic portion of rod 
visual pigment is vitamin A aldehyde 
(3). 

The existence of vitamin A alde- 
hyde (retinal) in insects was first re- 
ported in the heads of honeybees (4) 
and later in the Lepidoptera (5). The 
role of retinal as the chromophore of 
the visual pigment of various insect 
species and the absorption spectrum 
of this substance have been reviewed 
(6). Others (cited in 7) have demon- 
strated that vitamin A is a factor 
in insect reproduction and metabolism 
of integumentary pigment. As in other 
animals, there are no substantiated 
claims of vitamin A biosynthesis, and 
this factor must be supplied by the 
diet. We have found a relationship 
between vitamin A deficiency and a 
subsequent pathological condition (or 
its reversal upon carotenoid intake) of 
the photoreceptor elements of the noc- 
turnal tobacco hornworm moth Man- 
duca sexta. For the first time in an 
invertebrate, optic pathology has been 
correlated with vitamin A deficiency. 

Earlier electrophysiological studies 
(8) on the compound eye of M. sexta 
reared in the wild revealed a spectral 
sensitivity peak at 5000 A; from this 
observation a rhodopsin system was 

postulated. Further behavioral evidence 
indicated that a vitamin A deficiency 
might effect the development of the ret- 
inal structure of the adult moth. 

In an attempt to establish the role 
of vitamin A in the development of the 
retina and its associated elements in 
M. sexta, we reared larvae for several 
generations on an artificial diet (9) de- 
ficient in vitamin A. Other larvae were 
reared on tobacco leaves (10) or on 
an artificial diet containing 15 mg of 
/,-carotene or 13.75 mg of vitamin 
A palmitate per 100 g (wet weight) 
of artificial diet. After this induction 

period, and 24 hours after adult emer- 

gence, the retinulae, postretinal axons, 
and adhering lamina ganglionaris were 
excised from the remainder of the 
optic lobe. These tissues were fixed 

immediately in a 10 percent solution 
of acrolein (buffered to pH 6.9) and 
were left in this fixative at 4?C for 
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(11). Sections were cut at 2 t, 
mounted, and stained with acid fuch- 
sin and methylene blue. 

Moths reared from larvae fed for 
many generations on the diet deficient 
in vitamin A were permitted to repro- 
duce. Their progeny were reared on 
the basic artificial diet supplemented 
with either 25,000 U.S.P. units of 

/p-carotene or vitamin A palmitate per 
100 g (wet weight) of diet. The 
retinal histologies of the two groups 
were not appreciably different. The 
distal photoreceptor elements of those 
moths given p-carotene (Fig. 1A) 
show a generally complete enclosure 
of the seven or eight retinular cells 
forming an entire retinula. A large 
nucleus can be seen in each retinular 
cell, with an occasional nucleolus also 
present. The cross section of the om- 
matidium (Fig. 1 B) demonstrates a 
somewhat cruciform rhabdom, but 

in slightly more proximal sections this 
becomes more serpentine and similar 
to that of the moths fed tobacco (Fig. 
1C). Scattered throughout the cyto- 
plasm of each retinular cell are small 
granular inclusions which we believe 
to be mitochondria. These are often 
not aligned on the rhabdom (micro- 
tubules) as they are in the moths fed 
tobacco (Fig. 1E). We noted no ap- 
preciable differences between basement 
membranes in moths reared on tobac- 
co or on l-carotene. 

In moths reared on tobacco a clus- 
ter of seven or eight retinula cells 
makes up the basal portion of the 
ommatidium, with a darker staining 
eccentrically situated retinular cell evi- 
dent at the distal end of the aggre- 
gate. Although this cell resembles the 
eccentric cell of Limulus, we have, at 
present, no information on whether 
this particular cell is a functional bi- 

polar neuron as it is in Limulus (12). 
Since this cell has a rhabdomere, it 
may be akin to the basal retinula cell 
observed in the commercial silkworm 
moth (13). Occasionally two of these 
cell types are seen in one retinula. 
The rhabdom pattern when observed 
in cross section (Fig. 1E) is somewhat 
more labyrinthine than that found for 
Erebus (14). In M. sexta two or more 
ranks of tracheoles surround each om- 
matidium. In Fig. IF, the fenestrate 
basement membrane is taut, and the 
emerging postretinal axons project di- 
rectly to the lamina. 

As seen with the light microscope, 
the pathology of retinal elements from 
moths reared on a diet deficient in vita- 
min A is strikingly reminiscent of that 
described for similarly deprived rats 
(15). In rats, the rod disks appeared 
broken into vesicles and tubules; many 
rod outer segments apparently were 

Fig. 1. (A-C) Histology of retinulae from a moth given artificial diet supplemented with p-carotene: (A) Peripheral portion of retinulae. (B) More distal cross section of retinulae than (E). (C) Basement membrane with proximal retinulae above and post- retinal axons aggregating into fascicles below. (D-F) Retinular cells from Manduca sexta reared on tobacco: (D) Cross section 
at distal end of retinulae. Note darkly stained eccentrically situated retinular cell in eight-celled retinula. Large vacuole on right side is an artifact caused by the embedding medium. (E) Transection at midpoint of retinula shaft. (F) Longitudinal section 
showing straight-coursing postretinal axons and complete basement membrane. (G-I) Retinulae of a moth deficient in caro- 
tenoids: (G) Cross section at retinula tips showing incomplete retinular-cell membranes and apparent vacuolated retinular cells. 
(H) Cross section at approximate midpoint of retinulae depicting hypertrophy of rhabdom. (I) Incomplete basement membrane 
with herniation of retinular and tracheolar tissue into the subretinular space, where convoluted axonal bundles are also seen. 
Magnification marker represents 10 pt. 
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missing and others had a "gnawed" 
(15) appearance. The external limiting 
membrane had nearly disappeared, and 
only traces remained. Recent electron- 
microscopic studies (16) have summa- 
rized the ultrastructural pathology of 
the rods in rats deficient in vitamin A. 

In moths deficient in vitamin A, seg- 
ments of the outer retinula border 
were missing (Fig. 1G), presenting a 
"gnawed" appearance. Certain retinu- 
lar cells had a retrograde change with 
a loss or resorption of acidophilic ma- 
terial. The cell contours may have 
been maintained, but many nuclei ap- 
peared suspended by trabeculae. Re- 
maining cytoplasm was granular, and 
the total appearance seemed similar 
to the parenchymatous degeneration 
of vertebrate tissue (17). The rhabdom 
in cross section (Fig. 1H) was diffuse, 
swollen and more lightly stained. Its 
overall semblance was more flexuous 
than that of rhabdomes from rats given 
two treatments. The basement mem- 
brane had disappeared in certain areas, 
allowing both tracheolar and retinular 
tissue to herniate into the subretinular 
area (Fig. 11I). The presence of con- 
voluted and flaccid postretinal axonal 
fasciculae suggested that degeneration 
of the nervous tissue had also oc- 
curred. This observation tends to be 
substantiated on a functional basis by 
records of meager postsynaptic re- 
sponse and by the absence of a ret- 
inal action potential in the electro- 
retinograms of these moths (8). 

A deficiency of vitamin A does not 
appear to inhibit growth or limit the 
vitality of these moths. Such deficient 
moths do, however, show little if any 
orientation to light and usually do not 
become successfully adapted to the 
dark. The ommatidial disks in deficient 
moths are milky-white in color, while 
those of animals reared on tobacco 
are golden. This tuft of retinulae in 
the moths given diets supplemented 
with i3-carotene or vitamin A is white 
or very pale yellow. When these latter 
moths become adapted to the dark a 
white glow is noted when the cornea 
is reilluminated, while an orange glow 
is noted in moths fed tobacco. Dark- 
adaptation curves reveal that moths 
given either carotenoid have a higher 
sensitivity to light than moths reared 
on tobacco do (8). 

Apart from our brief remarks on 
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Apart from our brief remarks on 
the abnormality of electroretinograms 
of deficient moths, other studies (18) 
indicate that houseflies can be reared 
without dietary intake of vitamin A 
and that they suffer a partial loss of 
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photosensitivity (over a 4-log-unit in- 
crease in visual threshold). It has been 
suggested that a lack in dietary caro- 
tenoid can be offset to a degree by 
storage of the provitamin in the egg 
or by the presence of microorganisms 
that produce vitamin A, or by both 
(18). Our results suggest, however, that 
Manduca sexta does not have these 
sources and that carotenoid intake dur- 
ing larval life is crucial for normal 
vision ("normal" in this sense referring 
to night vision) in the adult moth. 

Because metaplasias that cause 
squamatization and keratinization of 
epithelium (17) arise in vertebrates 
with severe vitamin A deficiency, such 
animals serve as relatively poor experi- 
mental subjects for studies of nutri- 
tional night blindness. This problem in 
rats has recently been overcome (19) 
through use of vitamin A acid (in this 
case the only metaplasia was that asso- 
ciated with the retinal epithelium). In 
the moth, however, no such analogs 
are required, and thus this species 
might serve well as a laboratory ani- 
mal in the study of nutritional night 
blindness as well as other dystrophic 
diseases of the eye. 

STANLEY D. CARLSON 
HARRISON R. STEEVES, III 

JERRY S. VANDEBERG 
Departments of Entomology and 
Biology, Virginia Polytechnic 
Institute, Blacksburg 24061 

WILLIAM E. ROBBINS 
Entomology Research Division, 
U.S. Department of Agriculture, 
Beltsville, Maryland 20705 

References and Notes 

1. T. B. Osborne and L. B. Mendel, J. Biol. 
Chem. 15, 311 (1913); ibid.. 16, 423 (1913); 
E. V. McCollum, and M. Davis, ibid. 15, 167 
(1913); ibid. 19, 245 (1914). 

2. G. Wald, H. Jeghers, J. Armino, Amer. J. 
Physiol. 123, 732 (1938); G. Wald and D. 
Steven, Proc. Nat. Acad. Sci. U.S. 25, 344 
(1939). 

3. G. Wald, J. Gen. Physiol. 19, 351 (1935). 
4. T. H. Goldsmith, Proc. Nat. Acad. Sci. U.S. 

44, 123 (1958). 
5. M. H. Briggs, Nature 192, 874 (1961). 
6. T. H. Goldsmith, in Physiology of Insecta, 

M. Rockstein, Ed. (Academic Press, New 
York, 1965), vol. 1, p. 397. 

7. D. Gilmour, Biochemistry of Insecta (Aca- 
demic Press, New York, 1961). 

8. S. D. Carlson, J. S. Smith, Jr., J. M. Stanley, 
in preparation. 

9. J. D. Hoffman, J. D. Lawson, R. T. Yama- 
moto, in Insect Colonization and Mass Pro- 
duction, C. N. Smith, Ed. (Academic Press, 
New York, 1966), p. 479. 

10. Certain of the tobacco-reared pupae used in 
the preliminary tests were obtained from Nor- 
man Allen, U.S. Department of Agriculture, 
Florence, S.C. 

photosensitivity (over a 4-log-unit in- 
crease in visual threshold). It has been 
suggested that a lack in dietary caro- 
tenoid can be offset to a degree by 
storage of the provitamin in the egg 
or by the presence of microorganisms 
that produce vitamin A, or by both 
(18). Our results suggest, however, that 
Manduca sexta does not have these 
sources and that carotenoid intake dur- 
ing larval life is crucial for normal 
vision ("normal" in this sense referring 
to night vision) in the adult moth. 

Because metaplasias that cause 
squamatization and keratinization of 
epithelium (17) arise in vertebrates 
with severe vitamin A deficiency, such 
animals serve as relatively poor experi- 
mental subjects for studies of nutri- 
tional night blindness. This problem in 
rats has recently been overcome (19) 
through use of vitamin A acid (in this 
case the only metaplasia was that asso- 
ciated with the retinal epithelium). In 
the moth, however, no such analogs 
are required, and thus this species 
might serve well as a laboratory ani- 
mal in the study of nutritional night 
blindness as well as other dystrophic 
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enzyme system with an electrochemi- 
cal sensor, the reagent requirement for 
this glucose method is eliminated. 
Miniaturization and a further simplifi- 
cation of the instrumentation for the 
continuous analysis of glucose is 
achieved. 

Techniques employing immobilized 
enzyme material for chemical analysis 
have been reported (1, 2). These tech- 
niques eliminate the need for soluble 
enzyme reagents in analyses based on 
enzyme-catalyzed reactions. Further- 
more, when a soluble enzyme is the 
only reagent required, a reagentless sys- 
tem of analysis can be achieved. Such a 
system is demonstrated for the con- 
tinuous determination of glucose with 
glucose oxidase. 

G.O. 
02 + glucose 1 H202 + gluconic acid 

In the above reaction, glucose oxi- 
dase (G.O.) catalyzes the oxidation of 
glucose to gluconic acid and hydro- 
gen peroxide. In this method of glu- 
cose determination oxygen uptake is 
taken as a measure of the reaction. 
Since the oxygen is always contained 
in the samples, and glucose is the 
sought-for constituent, the glucose oxi- 
dase is the only reagent which must be 
added to the system for analysis. By 
immobilizing this enzyme requirement 
and using an electrochemical method 
for measuring oxygen tension (3), a 
"reagentless" determination of glucose 
is achieved. 
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