
to give a final concentration of stearic acid of 0.061 
mM. The culture medium was sterilized by filtra- 
tion through a 0.45- um Millipore filter immediate- 
ly after preparation. 

11. W. Chin, P. G. Contacos, G. R. Coatney, H. R. 
Kimball, Science 149, 865 (1965). 

12. We tested for the following red cell antigens: ABO; 
C(rh'), D(Rho), E(rh"), c(hr'), e(hr"), C(rh'W); 
MNSs; Kk; P, .JkaJkb; and LeaLeb. 

13. J. A. Dvorak, L. H. Miller, W. C. Whitehouse, T. 
Shiroishi, Science 187, 748 (1975). For this study 
an image isocon camera was used in place of an 
image orthicon camera. A 16-mm motion picture 

to give a final concentration of stearic acid of 0.061 
mM. The culture medium was sterilized by filtra- 
tion through a 0.45- um Millipore filter immediate- 
ly after preparation. 

11. W. Chin, P. G. Contacos, G. R. Coatney, H. R. 
Kimball, Science 149, 865 (1965). 

12. We tested for the following red cell antigens: ABO; 
C(rh'), D(Rho), E(rh"), c(hr'), e(hr"), C(rh'W); 
MNSs; Kk; P, .JkaJkb; and LeaLeb. 

13. J. A. Dvorak, L. H. Miller, W. C. Whitehouse, T. 
Shiroishi, Science 187, 748 (1975). For this study 
an image isocon camera was used in place of an 
image orthicon camera. A 16-mm motion picture 

Differentiating retinal ganglion cells un- 
dergo position-dependent diversification, 
acquiring properties (locus specificities) 
that enable each cell's axon to reach its ap- 
propriate locus in the retinotectal map (1, 
2). Such differentiations presumably con- 
tinue to occur throughout tadpole life in 
Xenopus, as new ganglion cells are added 
to the ciliary margin of the growing retina 
(3). Yet, even before the first optic axons 
appear, a developmental program is final- 
ized in the stage 28 to 31 optic cup which 
specifies the permanent anteroposterior 
(AP) and dorsoventral (DV) reference axes 
for positional information (4) in the retinal 
field, and establishes the spatial blueprint 
for patterning of locus specificities across 
the entire future ganglion cell population 
(5). Axial specification occurs in two steps 
(AP first) over 5 hours, and is triggered un- 
der retinal control (6). Before specifica- 
tion, a rotated eye can interact with the ax- 
ial cues of the embryo, rapidly replace its 
labile retinal axes with a new pair of (prop- 
erly aligned) axes (7), and assemble a nor- 
mally oriented retinotectal map from the 
rotated position (7, 8). After specification, 
the stage 31 eye is unaffected by the em- 
bryo's axial cues and, even when grafted in 
rotated orientation into a pre-stage 28 
host, retains its specified axes and assem- 
bles a correspondingly rotated retinotectal 
map (5, 8). 

This developmental program is ex- 
ceedingly stable and was expressed with fi- 
delity when stage 31/32 eyes were sub- 
mitted to a variety of serial transplantation 
procedures, prolonged tissue culture, 
chronic deprivation of tectal connections, 
or temporary suppression of retinal growth 
(5, 9). Likewise, individual stage 31/32 
nasal, temporal, or ventral eye fragments, 
which round up and form morphologically 
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"whole" eyes, are insensitive to the extra- 
ocular microenvironment, and retain (or, 
occasionally, reduplicate) their specified 
axes (10). The first hint of modifiability 
came from surgically constructed eyes, 
formed by fusing specific stage 31/32 eye 
fragments together (11, 12); but without 
knowing which regions of the adult retina 
arose from which fragments of the re- 
combinant eye, inferences about frank 
modification of retinal axes remained spec- 
ulative (2). 

Here we show that when allowed to fuse 
and interact with a right-nasal fragment, a 
left-temporal fragment (subsequently iso- 
lated, allowed to round up, and assayed af- 
ter it has mapped into the tectum alone) 
undergoes a stepwise reprogramming of 
first its AP and then its DV axis. This is the 
first clear evidence for trans-repolarization 
of retinal tissue and for axis reversal after 
the time of specification, and provides an 
assay system for analysis of positional sig- 
naling within the retinal field. Published 
accounts exist for all methods used, includ- 
ing those for staging, surgical manage- 
ment, and rearing of X. laevis clawed frog 
embryos (5); preparation of eye fragments 
and recombinant eyes (10, 11); testing of 
visually guided strike responses of the 
frogs during metamorphosis [to confirm 
the existence of functional synapses be- 
tween the experimental eye and the brain 
(2, 5)]; and electrophysiologic analysis of 
the visual field projection from the experi- 
mental right eye to the left optic tectum, 5 
to 18 weeks after eye surgery, in the juve- 
nile frog (2). 

Four control series were prepared, con- 
current with the experimental series and 
using siblings of the experimental em- 
bryos. Normally oriented retinotectal 
maps (Fig. la) developed in all 11 frogs 

"whole" eyes, are insensitive to the extra- 
ocular microenvironment, and retain (or, 
occasionally, reduplicate) their specified 
axes (10). The first hint of modifiability 
came from surgically constructed eyes, 
formed by fusing specific stage 31/32 eye 
fragments together (11, 12); but without 
knowing which regions of the adult retina 
arose from which fragments of the re- 
combinant eye, inferences about frank 
modification of retinal axes remained spec- 
ulative (2). 

Here we show that when allowed to fuse 
and interact with a right-nasal fragment, a 
left-temporal fragment (subsequently iso- 
lated, allowed to round up, and assayed af- 
ter it has mapped into the tectum alone) 
undergoes a stepwise reprogramming of 
first its AP and then its DV axis. This is the 
first clear evidence for trans-repolarization 
of retinal tissue and for axis reversal after 
the time of specification, and provides an 
assay system for analysis of positional sig- 
naling within the retinal field. Published 
accounts exist for all methods used, includ- 
ing those for staging, surgical manage- 
ment, and rearing of X. laevis clawed frog 
embryos (5); preparation of eye fragments 
and recombinant eyes (10, 11); testing of 
visually guided strike responses of the 
frogs during metamorphosis [to confirm 
the existence of functional synapses be- 
tween the experimental eye and the brain 
(2, 5)]; and electrophysiologic analysis of 
the visual field projection from the experi- 
mental right eye to the left optic tectum, 5 
to 18 weeks after eye surgery, in the juve- 
nile frog (2). 

Four control series were prepared, con- 
current with the experimental series and 
using siblings of the experimental em- 
bryos. Normally oriented retinotectal 
maps (Fig. la) developed in all 11 frogs 

whose right eye was removed and replaced 
intact in normal orientation at stage 
27 ? 1, 31/32, 38/39, or 43/44. Thus, 
simple surgical intervention at these stages 
did not produce map inversions. Normally 
oriented maps developed in seven frogs af- 
ter grafting a stage 27 : 1 right eye, in 
180?-rotated orientation, into the com- 

pletely vacated right orbit of a stage 
27 i 1 host; but the map was inverted in 
both axes in all eight frogs, after grafting a 

stage 31/32 right eye in 180?-rotated orien- 
tation into the vacated right orbit of a 

stage 27 + 1 host. These controls confirm 
that the stage 31/32 eyes used in our ex- 
periments (since their axes were not modi- 
fied by interaction with host embryos of 

proven competence) had in fact undergone 
axial specification prior to stage 31/32. Fi- 

nally, the retinotectal map was normally 
oriented in the AP axis but inverted in the 
DV axis in all but 11 frogs after grafting a 
stage 31/32 left eye (in AP-normal, DV-in- 
verted orientation) into the vacated right 
orbit of a stage 31/32 host, with no further 

surgery or with subsequent (after 15 to 30 
minutes or after 13 to 14 hours) extirpation 
of its nasal region (see Fig. lb). Thus, the 
retinal axes of a specified left eye are stable 
in left-temporal fragments, isolated in the 
right orbit, and allowed to map into the left 
tectum. Reversal of these axes in the exper- 
imental series (in which the left-temporal 
fragments were similarly isolated after 
contact with a right-nasal fragment) must 
have resulted from interaction with the 
right-nasal fragment. 

In the four experimental series, a (do- 
nor) stage 31/32 left-temporal eye frag- 
ment was apposed to a (host) stage 31/32 
right-nasal fragment, by grafting the donor 
fragment in place of the extirpated tem- 
poral region to the host right eyes. The 
right-nasal (host) fragment was either (i) 
completely removed after 15 to 30 minutes 
(sham fusion); (ii) left undisturbed as part 
of a permanent recombinant eye; (iii) com- 
pletely removed after 13 to 16 hours (host 
stage 39 = 1; 22?C) when the two frag- 
ments were composite halves of a "dumb- 
bell-shaped" eye; or (iv) completely re- 
moved after 30 to 32 hours (host stage 43/ 
44), when the two fragments were no long- 
er visibly discrete but remained easily sep- 
arable by cutting along the fusion scar. 
Nasal extirpations were confirmed histo- 
logically (10). 

The first two experimental series, which 
define the boundary conditions for the time 
of fragment interaction (sham fusion and 
indefinite fusion), gave consistent results: 
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Abstract. Signaling within an embryonic Xenopus eye comprised of two fused eye frag- 
ments can reprogram, in turn, the anteroposterior and dorsoventral axes of one of the 
fragments. The responding fragment, subsequently isolated and allowed to round up and 
innervate the brain, shows corresponding inversions in its retinotectal map. This is the 
first evidence for trans-repolarization of presumptive retina and provides an assay sys- 
tem for analysis of positional signaling within the retinalfield. 
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ations, all 12 frogs with undisturbed re- 
combinant eyes developed mirror-sym- 
metrical, redundant maps (Fig. Ic) in 
which the axes in the temporal region of 
the adult retina were AP-inverted DV-nor- 
mal. The third and fourth series gave 
mixed results, but a clear progression 
emerged. In the third series (13 to 16 hours 
fusion), the predominant retinotectal map 
(eight frogs) was inverted in both axes (Fig. 
ld), which reflects a reprogramming of the 
AP axis (from normal in the original left- 
temporal graft to inverted in the final reti- 
na) but no change in the DV axis from its 
original (inverted) state. In the fourth se- 
ries (30 to 32 hours fusion), the pre- 
dominant retinotectal map (nine frogs) 
was AP-inverted, DV-normal (Fig. le), 
which reflects a reprogramming of both 
the AP axis (from normal in the original 
left-temporal fragment to inverted in the 
final retina) and the DV axis (from in- 
verted in the original left-temporal frag- 
ment to normal in the final retina). Signifi- 
cantly, both of these predominant patterns 
show exaggerated curving of the repro- 

grammed axes, as is seen in the temporal 
region of the recombinant retina. Minority 
results in the third series included: three 
AP-normal, DV-inverted maps, identical 
to those in the first (sham-fusion) series; 
two AP-inverted, DV-normal maps, identi- 
cal to the majority result in the fourth se- 
ries (30 to 32 hours fusion); and one AP-in- 
verted, DV-disorganized map. Minority 
results in the fourth series included four 
completely inverted maps; one AP-normal, 
DV-inverted map; and two AP-inverted, 
DV-disorganized maps. 

The DV pattern of nonneural eye tissues 
(fissure position, choroidal pigmentation, 
thickness of iris, and so forth) developed 
normally in accord with the anatomical 
polarity of the eyes or eye fragments, and 
held constant to electrophysiologic record- 
ing. Thus, this pattern of regional differ- 
entiation was right-side up in eyes of the 
first control group, a "patchwork" com- 
posite in the permanent recombinant eyes 
(11), and upside down in all other eyes. 

Although these results leave many ques- 
tions unanswered (Is the AP-inverted, DV- 

disorganized pattern also a transitory in- 
termediate? Why does the rounded-up 
fragment map across the whole tectum?), 
they also have several clear implications. 
First, they show that the retinal axes can 
be reprogrammed after the time of axial 
specification, indicating that specification 
renders the retinal cells refractory to the 
axial cues of the extraocular micro- 
environment but not to axial signaling per 
se. Second, the altered patterning of speci- 
ficities in the temporal region of the re- 
combinant retina is not a function of the 
recombinant state; rather it is sequel to a 
rapid reprogramming of one fragment by 
the other, generating a new and stable pro- 
gram in the left-temporal fragment which 
is executed to completion, whether or not 
the fragments remain together. Third, the 
fact that signals from one retinal region 
can reorganize position-dependent differ- 
entiation of all the ganglion cells arising in 
another region argues that cell interactions 
play a normal role in integrating new gan- 
glion cells into the pattern program of the 
growing retina. Finally, some fragments 
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Fig. 1. Projection of the right eye's visual field to the left optic tectum in five adult Xenopus (a-e). Each number in the visual field shows the position of 
the stimulus that optimally evoked potentials recorded by a microelectrode at the position shown by the same number on the tectum. The distance be- 
tween tectal electrode positions is shown by the bars in the drawing at top left; the visual field extends 100? from center to periphery in all directions: S, 
superior; I, inferior; N, nasal; T, temporal. A constant set of electrode positions was probed in all five frogs, and only one tectum is shown (top left). (a) 
Visual field projection from a typical frog in the first control series. (b) Visual field projection from a frog in the first experimental series. (c) Visual field 
projection from a frog in the second experimental series. (d) Visual field projection from a frog in the third experimental series. (e) Visual field projection 
from a frog in the fourth experimental series. 
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were not yet reprogrammed in one or both 
retinal axes by stage 43/44 (separation 
after 30 to 32 hours fusion); yet repro- 
gramming in both axes was observed in 
the temporal retina of all recombinant 
eyes. This suggests that reprogramming 
can occur at least as late as stage 44, well 
into larval life. 

The discovery of a stable intermediate in 
reprogramming (both axes inverted) is par- 
ticularly telling, in that it virtually excludes 
wholesale "derotation" of the retinal field 
(12, 13) as the mechanism of axis reversal, 
and shows that the retina never reverts to a 
completely blank intermediate state. The 
curvature of only one axis, when only one 
axis has been reprogrammed (Fig. Id), also 
shows that the two reference axes for posi- 
tion-dependent differentiation need not be 
strictly orthogonal. That the AP axis is 
reprogrammed first (even though it is the 
DV axis which is misaligned) provides 
strong support for the hypothesis (12) that 
the transmission or processing (or both) of 
AP signals is more rapid than that of the 
DV signal. Yet, DV misalignment may 
help to trigger the AP reprogramming, for 
recombinant eyes comprised of a right- 
temporal fragment and a right-nasal frag- 
ment nearly always integrate to form a 
single normal pattern (12, 14). 

Finally, this work introduces what we 
hope will be a powerful assay system for 
analysis of positional signaling within the 
retina and for polarity transforms in gener- 
al. Evidence is presented elsewhere that the 
reprogramming is highly specific and de- 
termined by the axial relations in the reti- 
nal fragments. Thus, the system provides 
an anatomically defined source of axial 
signals that can be independently per- 
turbed. Moreover, by examining their abil- 
ities to reprogram normal fragments, it 
may now be possible to analyze the axial 
relations and specified state of experimen- 
tal eyes submitted to procedures that pre- 
clude the recovery of normal visual func- 
tion. 

R. K. HUNT* 
EVAN FRANK 

Anatomy Department and Institute of 
Neurological Sciences, University of 
Pennsylvania G3, Philadelphia 19174 

References and Notes 

1. R. W. Sperry, Growth Symp. 10, 63 (1951); Proc. 
Natl. Acad. Sci. U.S.A. 50, 703 (1963); L. S. 
Stone, J. Exp. Zool. 145, 85 (1960); M. Jacobson 
and R. K. Hunt, Sci. Am. 228 (No. 2), 26 (1973). 

2. R. K. Hunt and M. Jacobson, Curr. Top. Dev. 
Biol. 8, 203 (1974). 

were not yet reprogrammed in one or both 
retinal axes by stage 43/44 (separation 
after 30 to 32 hours fusion); yet repro- 
gramming in both axes was observed in 
the temporal retina of all recombinant 
eyes. This suggests that reprogramming 
can occur at least as late as stage 44, well 
into larval life. 

The discovery of a stable intermediate in 
reprogramming (both axes inverted) is par- 
ticularly telling, in that it virtually excludes 
wholesale "derotation" of the retinal field 
(12, 13) as the mechanism of axis reversal, 
and shows that the retina never reverts to a 
completely blank intermediate state. The 
curvature of only one axis, when only one 
axis has been reprogrammed (Fig. Id), also 
shows that the two reference axes for posi- 
tion-dependent differentiation need not be 
strictly orthogonal. That the AP axis is 
reprogrammed first (even though it is the 
DV axis which is misaligned) provides 
strong support for the hypothesis (12) that 
the transmission or processing (or both) of 
AP signals is more rapid than that of the 
DV signal. Yet, DV misalignment may 
help to trigger the AP reprogramming, for 
recombinant eyes comprised of a right- 
temporal fragment and a right-nasal frag- 
ment nearly always integrate to form a 
single normal pattern (12, 14). 

Finally, this work introduces what we 
hope will be a powerful assay system for 
analysis of positional signaling within the 
retina and for polarity transforms in gener- 
al. Evidence is presented elsewhere that the 
reprogramming is highly specific and de- 
termined by the axial relations in the reti- 
nal fragments. Thus, the system provides 
an anatomically defined source of axial 
signals that can be independently per- 
turbed. Moreover, by examining their abil- 
ities to reprogram normal fragments, it 
may now be possible to analyze the axial 
relations and specified state of experimen- 
tal eyes submitted to procedures that pre- 
clude the recovery of normal visual func- 
tion. 

R. K. HUNT* 
EVAN FRANK 

Anatomy Department and Institute of 
Neurological Sciences, University of 
Pennsylvania G3, Philadelphia 19174 

References and Notes 

1. R. W. Sperry, Growth Symp. 10, 63 (1951); Proc. 
Natl. Acad. Sci. U.S.A. 50, 703 (1963); L. S. 
Stone, J. Exp. Zool. 145, 85 (1960); M. Jacobson 
and R. K. Hunt, Sci. Am. 228 (No. 2), 26 (1973). 

2. R. K. Hunt and M. Jacobson, Curr. Top. Dev. 
Biol. 8, 203 (1974). 

3. R. M. Gaze and M. J. Keating, Nature (Lond). 
237, 375 (1972); K. Straznicky and R. M. Gaze,J. 
Embryol. Exp. Morphol. 26, 67 (1971); J. G. Hol- 
lyfield, Dev. Biol. 24, 264 (1971). 

4. L. Wolpert, Curr. Top. Dev. Biol. 6, 183 (1971). 
5. R. K. Hunt and M. Jacobson, Proc. Natl. Acad. 

Sci. U.S.A. 69, 780 (1972); ibid., p. 2860. 
6. ,_ ibid. 71, 3616 (1974); R. K. Hunt, G. K. 

Bergey, H. Holtzer, Dev. Biol., in press. 

15 AUGUST 1975 

3. R. M. Gaze and M. J. Keating, Nature (Lond). 
237, 375 (1972); K. Straznicky and R. M. Gaze,J. 
Embryol. Exp. Morphol. 26, 67 (1971); J. G. Hol- 
lyfield, Dev. Biol. 24, 264 (1971). 

4. L. Wolpert, Curr. Top. Dev. Biol. 6, 183 (1971). 
5. R. K. Hunt and M. Jacobson, Proc. Natl. Acad. 

Sci. U.S.A. 69, 780 (1972); ibid., p. 2860. 
6. ,_ ibid. 71, 3616 (1974); R. K. Hunt, G. K. 

Bergey, H. Holtzer, Dev. Biol., in press. 

15 AUGUST 1975 

7. R. K. Hunt and M. Jacobson, Proc. Natl. Acad. 
Sci U.S.A. 70, 507 (1973); J. Physiol. (Lond.) 241, 
90P (1974). 

8. M. Jacobson, Dev. Biol. 17, 202 (1968). 
9. R. K. Hunt, in The Cell Cycle and Cell Differ- 

entiation, H. Holtzer and J. Reinert, Eds. (Spring- 
er-Verlag, Heidelberg, 1975), pp. 43-62. 

10. J. D. Feldman and R. M. Gaze, J. Comp. Neurol. 
162, 13 (1975); N. Berman and R. K. Hunt, ibid., 
p. 23; R. K. Hunt and N. Berman, ibid., p. 43. 

11. R. K. Hunt and M. Jacobson, Science 180, 509 
(1973). 

7. R. K. Hunt and M. Jacobson, Proc. Natl. Acad. 
Sci U.S.A. 70, 507 (1973); J. Physiol. (Lond.) 241, 
90P (1974). 

8. M. Jacobson, Dev. Biol. 17, 202 (1968). 
9. R. K. Hunt, in The Cell Cycle and Cell Differ- 

entiation, H. Holtzer and J. Reinert, Eds. (Spring- 
er-Verlag, Heidelberg, 1975), pp. 43-62. 

10. J. D. Feldman and R. M. Gaze, J. Comp. Neurol. 
162, 13 (1975); N. Berman and R. K. Hunt, ibid., 
p. 23; R. K. Hunt and N. Berman, ibid., p. 43. 

11. R. K. Hunt and M. Jacobson, Science 180, 509 
(1973). 

Seeds of crop species vary a great deal in 
their chemical composition and these dif- 
ferences significantly influence their utility 
to man. The formulations of livestock feed 
or the diets of humans, for example, are 
based to a great extent on the relative pro- 
portions of protein, carbohydrate, and lip- 
id of the various available grains. Recently, 
attempts have been made through crop 
breeding to alter the chemical composition 
of seeds and thereby enhance their nutri- 
tional and economic value. 

However, the impact of altering the 
chemical composition of seeds on the 
photosynthate and nitrogen relationships 
within the crop plant and, consequently, on 
crop productivity have rarely been consid- 
ered. It has long been known that the ca- 
loric values of protein, carbohydrate, and 
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and grams of seed biomass yielded per gram of 
available photosynthate for the 24 crop species 
analyzed. The dashed line represents the nitro- 
gen requirement when the nitrogen supply rate 
is 5 g ha-' day-' and the available photosynthate 
rate is 250 kg ha-' day-'. 
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lipid are quite different. Assuming the 
leaves of a crop produce photosynthate at 
a fairly uniform rate and hence yield a con- 
stant caloric output, it necessarily follows 
that changes only in the chemical constitu- 
ents of seeds must alter biomass yield. An 
objective of this analysis was to compare 
the biomass yield per unit of photosynthate 
of seeds having different relative amounts 
of protein, carbohydrates, and lipid. In ad- 
dition, altering the protein content of seeds 
also changes the amount of nitrogen re- 
quired in the production of seed biomass. 
Since nitrogen fertilization is recognized as 
a critical factor in crop production, 
changes in nitrogen demand resulting from 
alterations of seed composition may re- 
quire a reevaluation of management tech- 
niques for crop nitrogen supplies. There- 
fore, a second objective of this analysis was 
to examine the nitrogen requirements of 
seeds with varying protein contents. 

The relative amounts of protein, car- 
bohydrates, lipid, and ash (on the basis of 
fresh weight) of 24 crop seeds were used in 
this analysis (1). All data were first con- 
verted to dry weight and a wide range in 
the relative composition of seeds was ob- 
tained (see Table 1). The ranges for the rel- 
ative amount of protein, carbohydrate, and 
lipid were 8 to 38 percent, 19 to 88 percent, 
and 1 to 54 percent, respectively. While the 
data for a given species may be unrepre- 
sentative of some genotypes within the spe- 
cies, the range in these data allows eval- 
uation of the seed biomass production and 
nitrogen requirements of cultivars with dif- 
fering chemical compositions. 

The relative seed compositions were first 
used to calculate the photosynthate re- 
quirements for biomass production. The 
results of an exhaustive examination of the 
biochemical pathways for the production 
of proteins, carbohydrates, and lipids from 
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Abstract. Seed biochemical composition was the basis for segregating 24 crops into 
four distinct groups. Nitrogen requirements of pulses and soybeans were so great that 
sustained seed growth demanded continued nitrogen translocation from vegetative tis- 
sues. This translocation must eventually induce senescence in these tissues, restrict the 
duration of the seed-fill period, and limit seed yield. 
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