
evidence against this hypothesis is the 
fact that B-ab males when mated with 
either B-a or B-ab females sired B-a 
as well as B-ab daughters. This result is 
not expected under any simple hypoth- 
esis in which males are hemizygous 
for the gene under consideration. All 
of the observed results, on the other 
hand, are in agreement with expecta- 
tion for single-locus, autosomal in- 
heritance. 

Genetic evidence supports the hypo- 
thesis that the gene producing enzyme 
B occurs as two alleles, the polypep- 
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Fig. 1. Starch gel showing liver glucose- 
6-phosphate dehydrogenase of three ani- 
mals. Anodal direction is upward. A and 
B enzymes are indicated, with the three 
different B types shown: B-a and B-b are 
the two homozygotes; B-ab is the heter- 
ozygote. Vertical electrophoresis was car- 
ried out for 18 hours at a gradient of 8 
volt/cm at 40?C. The gel buffer was a 
tris-EDTA-borate mixture, pH 8.0, total 
molarity 0.05. The same buffer at 0.5M 
was used in the bridge boxes. Incubation 
mixture for demonstration of the enzyme 
activity contained per 100 ml: triphos- 
phopyridine nucleotide, 70 mg; nitro-blue 
tetrazolium, 50 mg; phenazine methosul- 
fate, 2 mg; NaCN, 5 ml, 0.1M; tris buffer, 
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tide products of which are here called 
the Ba and B1 subunits. The two 
single-band phenotypes, B-a and B-b, 
are considered to be homozygous forms 
and the three-band type, B-ab, the 
heterozygous form, with the intermedi- 
ate band representing a "hybrid" mole- 
cule, BIh. 

The occurrence of a hybrid mole- 
cule in the heterozygote indicates that 
the B enzyme is probably a dimer com- 
posed of randomly associating sub- 
units (4). In such a system, the hybrid 
dimer would theoretically be present 
in twice the amount of each of the 
homogeneous dimers in the heterozy- 
gote, and the increased intensity of the 
middle band in B-ab phenotypes fits 
this scheme. In the G-6-PD variants of 
human erythrocytes, heterozygotes do 
not have an intermediate, hybrid mole- 
cule; this is evidence that that enzyme 
and the B enzyme of Peromyscus are 
not homologous. 

The fact that the B enzyme variation 
is not correlated with any alteration 
in the A enzyme indicates that the 
two molecules are controlled by dif- 
ferent genetic sites. Whether the A 
enzyme is X-linked cannot now be de- 
termined. That Peromyscus erythro- 
cytes contain only the A enzyme sug- 
gests that the A form might be homol- 
ogous with the X-linked G-6-PD of 
human erythrocytes. 

Both B-b and B-ab phenotypes were 
found in the stock of P. nm. bairdi. 
The observed polymorphism, therefore, 
is present within this subspecies and 
is not entirely the result of bringing 
together genes from different sub- 
species by hybridization. 

The enzyme 6-phosphogluconate de- 
hydrogenase (6-PGDH), which cata- 
lyzes a subsequent metabolic step, 
sometimes produces a faint zone of 
activity in gels incubated with glucose- 
6-phosphate. To check the possibility 
that the B enzyme might be 6-PGDH, 
the specific substrate, 6-phosphogluco- 
nate, was used in place of glucose-6- 
phosphate. No activity occurred at the 
B position, but a strong zone developed 
at a position anodal to the A enzyme, 
an indication that 6-PGDH is distinct 
from both of the G-6-PD forms. 

Tissue culture studies were done to 
investigate the applicability of these 
enzyme systems as genetic markers in 
cell culture. Diploid fibroblast lines 
were established from skeletal muscle 
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and B enzymes were present in the 
cultured cells, and the B polymorphism 
was clearly demonstrated. 
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Geoelectric Effect and 

Geotropic Curvature 

Abstract. A transverse electrical po- 
tential develops in many plant organs 
after they are reoriented from a verti- 
cal to a horizontal position. This phe- 
nomenon has been the basis for both a 
geoelectric hypothesis of geotropic cur- 
vature and its subsequent refutation. In 
both argumnents a causal relation be- 
tween the potential and curvature has 
been asstumed. Curvature occurs in the 
absence of potential, as well as vice 
versa; it is concluded that both the 
hypothesis and its refutation are incor- 
rect. 

A difference in electrical potential 
between the upper and lower sides of 
the shoot and root tips of many plant 
species develops after they are reori- 
ented from a vertical to a horizontal 
position. This phenomenon is known as 
the geoelectric effect. In contemporary 
(,1. 2) as well as earlier studies (3) 
experimenters have sought to relate 
this phenomenon causally to a lateral 
redistribution of the growth hormone, 
auxin, and thence to geotropic curva- 
ture. Recently, it was concluded that 
the geoelectric effect is a secondary 
consequence of the asymmetric distri- 
bution of auxin, and that the geoelectric 

and B enzymes were present in the 
cultured cells, and the B polymorphism 
was clearly demonstrated. 

CHARLES R. SHAW 

Biological Research Unit, Hawthorn 
Center, Northville, Michigan 

ELIZABETH BARTO 
Mammalian Genetics Center, 
Department of Zoology, 
University of Michigan, Ann Arbor 

References and Notes 

1. P. A. Marks, R. T. Gross, J. Banks, J. Clin. 
Invest. 40, 1060 (1961); S. H. Boyer, I. Porter, 
R. Weilbacher, Proc. Nat. Acad. Sci. U.S. 48, 
1868 (1962); H. N. Kirkman and E. M. 
Henldrickson. Am1. . Human Genet. 15, 241 
(1963); T. B. Shows, R. E. Tashian, G. J. 
Brewer, R. Dern, Science 145, 1056 (1964); 
I. H. Porter, S. H. Boyer, E. J. Watson-Wil- 
liams. A. Adams. A. Szeinberg, M. Siniscalco, 
Lancet I 1964, 895 (1964). 

2. W. Young, J. E. Porter, B. Childs, Science 
143, 140 (1964). 

3. R. G. Davidson, J. Peciat. 65, 765 (1964). 
4. C. R. Shaw, Brookhaven Symnp. Biol. 17, 117 

(1964). 
5. Supported by PHS Grants MH 07574-02 and 

NB-03095. 

22 January 1965 

Geoelectric Effect and 

Geotropic Curvature 

Abstract. A transverse electrical po- 
tential develops in many plant organs 
after they are reoriented from a verti- 
cal to a horizontal position. This phe- 
nomenon has been the basis for both a 
geoelectric hypothesis of geotropic cur- 
vature and its subsequent refutation. In 
both argumnents a causal relation be- 
tween the potential and curvature has 
been asstumed. Curvature occurs in the 
absence of potential, as well as vice 
versa; it is concluded that both the 
hypothesis and its refutation are incor- 
rect. 

A difference in electrical potential 
between the upper and lower sides of 
the shoot and root tips of many plant 
species develops after they are reori- 
ented from a vertical to a horizontal 
position. This phenomenon is known as 
the geoelectric effect. In contemporary 
(,1. 2) as well as earlier studies (3) 
experimenters have sought to relate 
this phenomenon causally to a lateral 
redistribution of the growth hormone, 
auxin, and thence to geotropic curva- 
ture. Recently, it was concluded that 
the geoelectric effect is a secondary 
consequence of the asymmetric distri- 
bution of auxin, and that the geoelectric 
hypothesis of geotropism is incorrect 
(4). 

SCIENCE, VOL. 148 

hypothesis of geotropism is incorrect 
(4). 

SCIENCE, VOL. 148 



The refutation was based on an in- 
version of the cause and effect roles of 
the geoelectric effect and auxin distri- 
bution; it was concluded (4) that auxin 
is essential for the development of the 
transverse potential. Both the geoelec- 
tric hypothesis and its subsequent refu- 
tation relate the geoelectric effect and 
geotropic curvature to asymmetry of 
auxin distribution. The possibility that 
the geoelectric effect and geotropic 
curvature might not be causally re- 
lated remained untested. We have 
therefore tested this possibility. 

Intact corn (Zea nays cv Hybrid 64a 
X 22R, University of Wisconsin) seed- 
lings were grown at 25?C on blotting 
paper soaked in tap water, under red 
light at an irradiance of about 1.6 mw/ 
cm2 (5). After 4 days, when the cole- 
optiles were 30 to 40 mm long, the 
seedlings were transferred to an "air- 
tight" glass chamber. Rubber gloves 
permitted manipulation of objects in 
the chamber. Water-saturated air or 
nitrogen was passed through the cham- 
ber at a constant rate of flow. The flow 
rate of the nitrogen used for establish- 
ing anaerobic conditions was such that 
the oxygen concentration of the cham- 
ber was reduced by dilution to less than 
0.01 percent before geotropic stimula- 
tion was applied. A corresponding flow 
rate of air was employed when seed- 
lings were held under aerobic condi- 
tions. The gas pressure within the 
chamber was maintained slightly posi- 
tive with respect to the surrounding at- 
mosphere during the experiments. The 
temperature within the box was 26.5? 
? 0.1?C, 1.5? higher than room tem- 
perature. 

The glass chamber was kept in dark- 
ness, only phototropically inactive light 
being used during manipulations. One 
plant was placed vertically in an elec- 
trode holder and positioning assembly. 
Eight plants were placed adjacent to it 
in a similar vertical position on the 
bottom of the chamber. After 3 hours, 
electrode contact was established with 
the coleoptile by extruding saturated 
KC1 solution in 1.5 percent agar from 
the tip of the electrode assembly. Con- 
tact was made 1 cm below the tip on 
diametrically opposite sides of the 
coleoptile. Contacts were linked through 
a calomel half-cell to an electrometer 
(input impedence 108 ohms). After an 
additional hour with the electrodes con- 
tacting the tissue, determinations of the 
transverse potential were made every 
5 minutes for 4 hours when the gas 
21 MAY 1965 

10 

.1 7 

5 

- 2 

z ci 

_< a 

-0 40 80 120 160 200 240 280 320 360 400 440 480 

TIME IN MINUTES 

Fig. 1. The transverse geoelectric potential of Zea mays coleoptiles under aerobic 
and anaerobic conditions. Each point represents the average of the potentials of five 
separate plants. (C.I., confidence interval.) 

used was air, and every 20 minutes for 
8 hours when the gas was nitrogen. 

One hour after the initial measure- 
ment, all plants were reoriented to a 
horizontal position. Plants in air were 
returned to a vertical position after 1 
hour. Plants in nitrogen were kept hori- 
zontal for 4 hours. At the end of the 
stimulation period, plants not used for 
measurements of potential were used 
for making shadowgraphs. The curva- 
tures of these plants, as degrees, were 
determined by measuring the interior 
angle between a line projected through 
the central axis of the tip and a line 
projected through the central axis of 
the base of the coleoptile. The experi- 
ments were repeated five times. Aver- 
age standard deviations and 95-percent 
confidence intervals of means for each 
treatment were determined from pooled 
estimates of error variance. 

Our data for geoelectric potentials 
(Fig. 1) match almost exactly the pub- 
lished data (1, 4) obtained without di- 
rect electrode contact with the cole- 
optile. No geoelectric potential devel- 
ops under anoxia. 

Coleoptiles showed negative geo- 
tropic curvature regardless of their 
surrounding atmosphere. Those under 
anaerobic conditions were curved 17 
? 1 degrees after 4 hours of stimula- 
tion. Those under aerobic conditions 
curved 18 ? 1 degrees after 1 hour. 

In earlier work (1, 2) it was estab- 
lished that removal of coleoptile tips 
virtually eliminated geotropic curvature 
without modifying materially the geo- 
electric potentials produced. This elim- 
ination demonstrated that the geoelec- 
tric effect occurs in the absence of geo- 

tropic curvature. We observed that 
curvature develops under anoxia, when 
no detectable potential gradient devel- 
ops. Geotropism occurs in the absence 
of the geoelectric effect. 

We conclude that our experiments 
together with those of Grahm and Hertz 
demonstrate a lack of either a causal 
or a direct relation between the geo- 
tropic and geoelectric effects. Auxin is 
undoubtedly required for both the 
tropic and electrical responses to grav- 
ity. But asymmetry of hormone dis- 
tribution could well be a consequence 
of the action of the gravity sensor 
either on the reactivity to auxin of 
responsive cells, or on their ability to 
translocate auxin basipetally. Further- 
more, a demonstration of asymmetric 
auxin distribution after geotropic stim- 
ulation under anoxia would show that 
geoelectric potential is not a manda- 
tory consequence of auxin asymmetry. 

R. R. DEDOLPH 
J. J. BREEN* 

S. A. GORDON 
Division of Biological and Medical 
Research, Argonne National 
Laboratory, Argonne,. Illinois 60440 

References and Notes 

1. L. Grahm and C. H. Hertz, Physiol. Plantartim 
15, 96 (1962). 

2. - , ibid. 17, 186 (1964). 
3. H. V. Amlong, Planta 21, 211 (1933); N. 

Cholodny, Biol. Zentr, 47, 604 (1927); H. E. 
Dolk, thesis, Univ. of Utrecht (1932); A. R. 
Schrank, in Bioelectric Fields and Growth, 
E. J. Lund, Ed. (Univ. of Texas Press, Austin, 
1947); F. W. Went, Jahrb. Wiss. Botan. 76 
528 (1932). 

4. L. Grahm, Physiol. Plantarum 17, 231 (1964). 5. General Electric, Ruby Red. 
6. Work supported by NASA. 
* Present address: Department of Chemistry, Duke University, Durham, North Carolina. 
11 February 1965 

1101 

V Aerobic returned to vertical 

F5- 
Aerobic 95% C.t. *1OMV. 

0 Anaerobic 95% C.I,. 5 MV 

30 

Aerobic 
tipped to 
horizontol 

I qJ,8 I l 
?#f ' 0o t 

, 
^ '?*^ --^ ' t ' I A ' . / 

"0^S0/ 
^ 

Anaerobic o '0 /?'e0-'. 0.. 
Anaerobic tipped to horizontal returned to verticalj 

511 


