
dicated around the three data points which 
are not constrained to 1.0 by this standard- 
ization procedure. 

Two relationships are immediately ap- 
parent in these data. First, the amplitude 
of anterior tongue pressure, for both sug- 
ars, is a direct function of sugar concentra- 
tion: as concentration doubles, there is a 
near doubling of tongue pressure. Second, 
at least at the concentrations we employed, 
sucrose is a more effective stimulus than is 
glucose. An idea of how this situation com- 
pares with adult responses to varying con- 
centrations of these two sugars can be de- 
rived from the two sweetness magnitude 
estimation functions (I1) superimposed on 
Fig. 2. There is a remarkable similarity in 
slope and in relative height between the 
psychophysical functions and those implic- 
it in the four data points from the infant 
tongue pressure responses. Future work, of 
course, must include more than two con- 
centrations of each sugar to determine 
more precisely the slope of the concentra- 
tion function in the newborn. 

We feel that two conclusions are justi- 
fied on the basis of these observations. 
First, the sensory apparatus responsible 
for assessing relative sweetness of sugars is 
essentially as competent in the newborn as 
it is in the adult. Second, this sensory appa- 
ratus is capable of systematically eliciting 
a precisely graded response in the human 
newborn. The possibility that this graded 
response is reflexive in nature is enhanced 
by the report (12) of reflexlike lateral 
tongue movements from single drop gusta- 
tory stimulation in the newborn. 

The relationship of these competencies 
to the problem of palatability and control 
of food intake in the newborn is one which 
has not yet been resolved. Simultaneous 
with our initial report of the relative effec- 
tiveness of these four solutions in con- 
trolling tongue movements (9), an indepen- 
dent investigation (13) reported similar re- 
sults for sugar type and concentration in 
increasing amount of fluid ingested by 
newborns. The fact that the slopes relating 
concentration of sucrose and glucose to 
amount of fluid ingested were different 
from those reported here for tongue pres- 
sure could reflect the possibility that other 
factors than sweetness are involved in de- 
termining amount of fluid ingested, per- 
haps including the post-ingestional effects 
of the fluids. A subsequent study with new- 
borns (14) counted number of sucks to 
sucrose and glucose concentrations pre- 
sented either before or after water. No 
systematic effects of sugar type or concen- 
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sucked less to water following stronger or 
sweeter sugars than following weaker or 
less sweet sugars. Since water has a sour- 
bitter taste to adults after adaptation of the 
taste buds to sugar (15), these results could 
be viewed as a demonstration of a similar 
phenomenon in the newborn, with stronger 
or sweeter sugars producing a stronger or 
more persistent effect on the subsequent 
water taste. 

Thus, the ability of the newborn to util- 
ize the gustatory apparatus to discriminate 
among ingestible substances has here been 
clearly demonstrated, and has been shown 
(13) to affect the amount the infant will in- 
gest; however, the precise relationship be- 
tween the infant's sensory and ingestive 
competencies has yet to be fully explored. 
One theoretical approach to this problem 
has been elaborated elsewhere (8, 9). 
GEOFFREY H. NOWLIS*, WILLIAM KESSEN 
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Little is known about the biochemical 
mechanisms that control biological spaced 
patterns, but a simple and attractive hy- 
pothesis is that the spacing is due to the 
production of an inhibitory compound by 
the elements of the pattern, which prevents 
other elements from forming too close to 
them. This hypothesis has been proposed 
in many cases where patterns are formed 
by the intercalation of new elements in a 
growing tissue, for example, insect bristles 
(1), leaf primordia (2), and stomata (3). 
The filamentous blue-green alga Anabaena 
is an ideally simple organism for testing 
the hypothesis. It has a spaced pattern of 
differentiated cells (heterocysts) formed 
by intercalation, and an inhibitory zone 
mechanism has been conjectured (4, 5). We 
now report that there are zones of a well- 
defined size around heterocysts within 
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eight consecutive 2-ml samples of 5 percent glu- 
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which other heterocysts do not develop, 
and also that these zones can reasonably be 
attributed to an inhibitory influence from 
the ~eterocyst. 

The way that the alga grows and main- 
tains its pattern can best be understood 
from a time-lapse sequence of part of a 
growing filament (Fig. 1). In the interval 
shown, the vegetative cells divide, increas- 
ing the distance between the two hetero- 
cysts. When this distance has roughly dou- 
bled, one of the vegetative cells becomes a 
proheterocyst (an early heterocyst) and 
eventually develops to maturity. Vegeta- 
tive cell divisions are asymmetrical (6) and 
a heterocyst only develops from the small- 
er daughter of a division. Notice that this 
asymmetry produces an asynchrony in cell 
cycle stages along the filaments. 

If there are constant inhibitory zones, n 
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Measurement of an Inhibitory Zone 

Abstract. An inhibitory zone mechanism generates the heterocyst pattern in Ana- 
baena. These inhibitory zones can be measured; we find that they extend about five cells 
on either side of a heterocyst. We can use our observations to predict with reasonable ac- 
curacy which cells in thefilaments will differentiate into heterocysts. 
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Fig. 1. Maintenance of the heterocyst pattern in 
Anabaena. A sequence of light micrographs of 
an interval (the set of cells between two differ- 
entiated cells, in this case a mature heterocyst H 
and an initially early proheterocyst P) in a grow- 
ing A. catenula filament. Arrows show the next 
proheterocyst to develop. Photographs (b) to (e) 
were taken at 5, 10, 15, and 21 hours respective- 
ly after (a) was taken; bar, 10 p,m. 

cells for example, on either side of a het- 
erocyst, then we expect that the first 
smaller daughter that arises outside these 
zones will develop into a heterocyst. In that 
case there will be a distribution of distances 
of these newly differentiating cells from 
their nearest heterocyst neighbors which 
would have n for a minimum. To test this 
we have measured the distance, in numbers 
of cells, from each presumptive heterocyst 
to the nearest heterocyst (or proheterocyst) 
at the time when the former arises by cell 
division (Table 1). The assumption behind 
this is that the decision to initiate prohet- 
erocyst differentiation is taken by a cell 
early in the cycle. In fact, there is a period 
of some 6 to 8 hours after division during 
which no difference can be detected be- 
tween a vegetative cell and one destined to 
become a heterocyst; both elongate during 
this time. After this, a vegetative cell shows 
the beginnings of a division furrow (the 
time between divisions in a smaller daugh- 
ter averages 16 to 18 hours), while a poten- 
tial heterocyst is recognizable as a stage I 
proheterocyst (7) within about 10 hours 
from the division. Thus we could suppose 
that a cell begins to differentiate at any 
time during the first 8 hours from the divi- 
sion. We chose the moment of division be- 
cause it serves as a convenient reference 
point and because we have some biochemi- 
cal evidence which suggests that important 
events related to the differentiation process 
occur at this time (8). 

The distribution of distances shows that 
a zone of about five cells exists around 
each heterocyst and proheterocyst (Table 
1, column 2). When we look at smaller 
daughters that do not develop into hetero- 
cysts, we find that, in all cases, there is ei- 
ther a heterocyst or a proheterocyst near- 
by, or else another smaller daughter which 
subsequently differentiated (9). If we mea- 
sure distances to the nearest such cell we 
find that they form an approximate com- 
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plementary distribution (column 3). There 
is an overlap at n = 5, and a few stragglers, 
in column 2 at n = 4 and in column 3 at 
n = 6. There is no large variability in the 
width of inhibitory zones, although the de- 
velopmental fate of a smaller daughter 
which arises on the edge of the zone, at n = 
5, is unpredictable. 

We have evidence that these zones are 
maintained by an inhibitory influence from 
heterocysts (10). If we puncture a pro- 
heterocyst, another heterocyst can sub- 
sequently develop within what had been 
the inhibitory zone of that cell; that is, 
within five cells of it. Such an experiment is 
shown in Fig. 2, where it can be seen that 
removing the proheterocyst P allows a new 
proheterocyst to develop within two cells of 
the new end of the filament. The fact that 
the presence of the proheterocyst is re- 
quired to maintain its zone rules out cer- 
tain alternatives to the inhibition hypothe- 
sis, for example, a lineage rule. 

We have suggested that the asymmetry 
and consequent asynchrony of cell division 
ensures that there will be a first smaller 
daughter in an interval (11). It may hap- 
pen, however, that two arise almost simul- 
taneously by cell division outside the inhib- 
itory zones of an interval, and that both 
cells may begin to differentiate before one 
regresses (8). This shows that prohetero- 
cyst development is competitive in charac- 
ter, a hypothesis for which we have much 
additional evidence (7, 12). Yet pairs such 
as these are rare, and a simple inhibitory 
zone description is, in general, adequate 
(13). 

Table 1. Size of inhibitory zones. Individual A. 
catenula filaments, growing on salts medium 
agar plates (12), were observed and photo- 
graphed at regular intervals (usually 2.5 hours) 
through several generations, and the fate of each 
smaller daughter determined. The left-hand col- 
umn in the table shows the total number of cells 
lying between the smaller daughter cell at the 
time of its formation (11), and the nearest het- 
erocyst or proheterocyst. The middle column in- 
dicates the number of smaller daughters, at each 
distance, which developed into heterocysts, and 
the right-hand column the number which contin- 
ued to divide. 

No. of cells Fate of smaller 
to nearest daughter 

heterocyst or De- Failed to 
proheterocyst veloped develop 

0 0 77 
1 0 29 
2 0 i06 
3 0 65 
4 4 34 
5 20 12 
6 16 1 
7 4 0 
8 2 0 
9 1 0 

Fig. 2. A stage II proheterocyst (7), which would 
have an inhibitory zone of four to five cells, as 
marked in (a), is broken (A). A proheterocyst 
develops from the cell [indicated by the arrows 
in (a) to (d)] which is inside the original zone. 
Note that it develops from the first smaller 
daughter cell outside the inhibitory zone of the 
mature heterocyst on the left. This operation 
can only be performed on proheterocysts up to 
stage IV, since higher stages, having thick outer 
envelopes, are resistant to puncturing. Photo- 
graphs (b) to (d) were taken 4, 8, and 14.5 hours 
respectively after (a) was taken; bar, 10 um. 

Our measurements of the inhibitory 
zone enable us to predict, with a 75 percent 
success rate, which cell will differentiate in 
a given interval. The failures of prediction 
come mainly from cells which lie on the 
edge of the zone at n = 5, and reflect the 
inevitable limitations of measurement by 
cell counting. 

G. J. MITCHISON 
MICHAEL WILCOX 

R. J. SMITH 
M. R. C. Laboratory of Molecular 
Biology, Hills Road, Cambridge. 
CB2 2QH, England 
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A possible role for membrane lipid per- 
oxidation in carcinogenesis and muta- 
genesis has been indirectly suggested by 
the ability of antioxidants, including vita- 
min E, to protect against experimental car- 
cinogenesis (1), although other studies 
have failed to demonstrate such an effect 
(2). Similarly, there is evidence both sup- 
porting (3) and opposing (4) the contention 
that diets high in polyunsaturated fatty 
acids lead to a higher incidence of cancer. 
The relationship of lipid peroxidation to 
carcinogenesis and mutagenesis therefore 
remains tenuous, particularly in the ab- 
sence of a clear-cut mechanism by which 
the breakdown of cell membrane unsatu- 
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(9) may actually be the outcome of competition be- 
tween two or more smaller daughter cells, the first 
generally being the successful contender. There is, 
in fact, no sharp distinction between competitive 
and inhibitory zone mechanisms [see our model in 
(12)]. 
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rated fatty acid might damage genetic ma- 
terial. 

One potential intermediary in such a 
process is malonaldehyde, a three-carbon 
dialdehyde (OHC-CH2-CHO) produced 
during the oxidative decomposition of 
polyunsaturated fatty acids. Malonalde- 
hyde is formed during the metabolism of 
certain hydrocarbon carcinogens (5), has 
been reported to initiate skin carcinoge- 
nesis in mice (6), and will cross-link the 
amino groups of DNA in solution, presum- 
ably through the formation of Schiff bases 
(7). Although this latter process has a low 
pH optimum, the recent observation in this 
laboratory (8) indicating that malonalde- 
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Table 1. Strains used for mutagen testing. 

Histidine mutation in strains Additional mutations 

G46 C207 C3076 D3052 Repair Cell wall 

hisG46 hisC207 hisC3076 hisD3052 + + 
TA1975 TA1976 TA 1977 TA1978 + rfa 
TA1535 TA1536 TA1537 TA1538 uvrB rfa 

Table 2. Mutagenicity of malonaldehyde on tester strains. 

Average number of revertants per plate* Addi l Additional mutations 

Strain Spot test Soft-agar test 

Control MDAt Control MDAt Repair Cell wall 

hisG46 19 21 8 12 + + 
TA1975 15 19 4 3 + rfa 
TA1535 9 11 13 16 uvrB rfa 

hisC207 22 62 21 72 + + 
TA 1976 23 48 18 57 + rfa 
TA1536 2 2 8 8 uvrB rfa 

hisC3076 41 103 47 118 + + 
TA1977 34 74 40 95 + rfa 
TA1537 22 21 87 88 uvrB rfa 

hisD3052 38 285 28 164 + + 
TA1978 45 337 35 161 + rfa 
TA1538 61 78 39 57 uvrB rfa 

*Numbers represent averages from duplicate plates. tTen millimoles of malonaldehyde in 0.1 ml of distilled 
water was applied to sterile filter disks (12.7 mm in diameter) placed on the center of seeded petri plates (for spot 
test) or mixed with cells in 2.5 ml of top agar (soft-agar test). Plates were counted after 2 to 5 days of incubation at 
37?C. All numbers presented are counts on day 5. 
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hyde cross-links of aminolipid are formed 
as a consequence of red cell lipid per- 
oxidation suggests that the cross-linking of 
amino groups by malonaldehyde does oc- 
cur in vivo in humans with normal vitamin 
E levels. 

The present study utilizes a microbial 
mutagenesis assay system to evaluate the 
possibility that this lipid peroxide decom- 
position product is capable of inducing 
mutation. Recent studies utilizing similar 
systems suggest that there is a high positive 
correlation between carcinogenic and mu- 
tagenic activity (9). The 12 Salmonella 
typhimurium strains used (kindly provided 
by Dr. B. N. Ames) are shown in Table 1. 
The mutations involved in these strains 
have been fully described elsewhere (10). 
Briefly, the bacteria are all histidine-re- 
quiring auxotrophs, each containing a mu- 
tation on one of four histidine loci. One set 
of mutants has the normal polysaccharide 
coat as well as a normal excision repair 
system; the second set has a deep rough 
mutation (rfa) in the cell wall constituents 
and normal repair; and the last set of mu- 
tants has both the rfa mutation and a dele- 
tion through the uvrB gene which elimi- 
nates normal excision repair. Three of the 
strains (hisG46, TA1975, TA1535) have 
been used to detect mutagens causing base- 
pair substitutions, while the remaining nine 
strains have been used to detect various 
kinds of frameshift mutagens. 

Mutagenic activity was determined by 
the standard spot tests and the quantitative 
soft agar techniques as described by Ames 
et al. (10). Malonaldehyde was prepared 
from malonaldehyde bis-(dimethylacetal) 
by shaking with Dowex 50 (X2) in the 
H+ form. 

The mutagenic activity of malonalde- 
hyde on the various tester strains is shown 
in Table 2. The results indicate that malo- 
naldehyde is mutagenically active, but only 
on frameshift mutants with normal ex- 
cision repair: the hisD3052 mutant is the 
most sensitive strain, followed by the 
hisC207 strain and the hisC3076 strain. 
None of the base-pair substitution mutants 
tested thus far has shown any increase in 
revertant frequency. 

The pattern of mutagenic specificity 
demonstrated by malonaldehyde is similar 
to the mutagenic activity of Mitomycin C, 
a DNA cross-linking agent (11). This car- 

cinogenic (12), bifunctional antibiotic re- 
quires the participation of excision repair 
processes to show mutagenic activity (13). 
It has been concluded that mutations pro- 
duced by Mitomycin C are due to errors in 
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damage (13). Malonaldehyde, which is also 
a cross-linking agent, can alter DNA as in- 
dicated by the formation of fluorescent 
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Mutagenicity of Malonaldehyde, a Decomposition Product of 

Peroxidized Polyunsaturated Fatty Acids 

Abstract. Incubation of histidine requiring auxotrophs of the bacterium Salmonella 
typhimurium with malonaldehyde, a three-carbon dialdehyde, produced an increased 
number of revertants in specific strains. Mutagenesis was only observed in frameshift mu- 
tants with normal excision repair and did not occur in those base-pair substitution mu- 
tants tested. The results are consistent with the cross-linking of bacterial DNA by malo- 
naldehyde leading to mutagenesis expressed through the error-prone repair system. 
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