
Mutations Induced in Tradescantia by Small Doses of 

X-rays and Neutrons: Analysis of Dose-Response Curves 

Abstract. Dose-response curves for pink somatic mutations in Tradescantia 
stamen hairs were analyzed after neutron and x-ray irradiation with doses ranging 
from a fraction of a rad to the region of saturation. The dose-effect relation for 
neutrons indicates a linear dependence from 0.01 to 8 rads; between 0.25 and 
5 rads a linear dependence is indicated for x-rays also. As a consequence the 
relative biological effectiveness reaches a constant value (about 50) at low doses. 
The observations are in good agreement with the predictions of the theory of 
dual radiation action and support its interpretation of the effects of radiation on 
higher organisms. The doubling dose of x-rays was found to be nearly 1 rad. 

The increasing use of atomic energy 
results in increasing ambient amounts 
of radiation that could present hazards 
to man by increasing the incidence of 
mutations in future generations. Thus, 
relationships between mutation frequen- 
cies and very low doses of radiation 
should be established. In practice, such 
studies are difficult to perform with 
higher organisms because very large 
populations are required for a statis- 
tically significant increase above present 
background (spontaneous) mutation fre- 
quencies to be detected. 

Ideally, mammals should be used in 
studies of radiation effects at low doses 
so that the data obtained could be ex- 
trapolated to man, but this is usually 
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impractical. Certain species of higher 
plants have been used for radiation 
studies at very low doses (1, 2). Often 
overlooked is the fact that plants are 
eucaryotic organisms; because they are, 
their chromosomes may be similar in 
structure and basic biochemistry to ani- 
mal chromosomes. The mechanisms by 
which ionizing radiation induces mu- 
tations or chromosome aberrations, or 
both, in plants are similar if not identi- 
cal to the mechanisms in mammals. In 
addition, very large populations of 
plants or plant cells often can be grown 
and analyzed relatively easily. Some 
plants, such as Tradescantia clone 02, 
are very sensitive to mutation induction 
by ionizing radiation (2-4). Clone 02 
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Fig. 1. Neutron and x-ray dose-response curves for pink-mutant events in stamen hairs 
of Tradescantia clone 02. The points represent average values obtained by dividing 
the total number of mutant events by the total number of stamen hairs scored from day 
11 through day 15 after irradiation, when the mutation frequency is highest. The open 
symbols are saturation points and were not used in computing the true slopes. The 
dashed lines represent slopes based on equations and computations given in the text. 
The horizontal line indicates the mutant-event frequency in control experiments. 
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is heterozygous for flower color, the 
normal blue being dominant over the 
recessive pink. Pink cells or streaks of 
cells can be seen in mature petals or 
stamen hairs at appropriate periods 
after irradiation of young flower buds. 
The pink cells are herein called mu- 
tants although they could presumably 
also result from chromosome deletions 
(5). 

We have studied the shapes of dose- 
response curves for the pink mutations 
induced in stamen hair cells by neu- 
trons (0.43 Mev) and x-rays (250 kv- 
peak). Dose-response curves for the 
pink mutations and other types of so- 
matic aberrations in clone 02 have been 
reported for doses of neutrons and x- 
rays as low as 0.163 and 11.5 rads, 
respectively (3, 4). We report additional 
experiments at still lower doses and 
show that the results are in accord with 
the theory of dual radiation action (6). 

For details of the experimental pro- 
cedures see (4). Young cuttings of 
Tradescantia clone 02 bearing young 
flower buds were used. Stock plants and 
cuttings were grown in controlled-en- 
vironment growth chambers with an 
18-hour day, an illuminance of 18,150 
lu/m2, and temperatures of 20? and 
17.8?C in the daytime and at night, 
respectively. 

All irradiations and scorings were 
done at Brookhaven National Labora- 
tory. The stamen hairs were scored 
from day 11 to day 15 after irradiation, 
when the mutation frequency is known 
to reach peak values. Data from all 
earlier experiments (1 and 5 in Table 1) 
(3, 4) were recomputed to incorporate 
only the data from these days of scor- 
ing. 

The neutron irradiations were per- 
formed at the Radiological Research 
Accelerator Facility at Brookhaven (7). 
The x-radiations were administered at 
30 rad/min for doses down to 6 rads; 
below this dose, for practical consid- 
erations, the dose rate was 1 rad/min. 
A check at 6 rads for both dose rates 
did not reveal a dose-rate effect. 

Table 1 gives the neutron and x-ray 
doses, the resulting frequencies of pink- 
mutant events per stamen hair, the 
standard deviations, the numbers of sta- 
men hairs, and the number of mutant 
events scored for each exposure. The 
average mutation frequencies (total mu- 
tant events divided by total hairs) ob- 
served during the 5-day scoring period 
are graphed logarithmically in Fig. 1. 

All the neutron data (0.01 to 8 rads) 
can be fitted to a straight line of slope 
+1. The mutation frequency at 10 

SCIENCE, VOL. 176 



mrad is somewhat high, but it lies on 
the line within the experimental error. 

Also, it is difficult to see how a depar- 
ture from linearity can occur when the 

particle event frequency (average num- 
ber of charged particles traversing the 

cell) is much less than one. The ap- 
parent curvilinearity of the x-ray line 
can be approximated by two straight- 
line segments, one with slope +1.4 
from about 5 to 100 rads, the other 
with slope + 1 from 0.25 to 6.0 rads. 
A t-test indicates that these !slopes are 

significantly different (P < .01). How- 

ever, a more meaningful interpretation 
is that the entire ascending portion of 
the x-ray curve can be fitted as the sum 
of a linear and a quadratic dose term. 

From 5.0 to 100 rads, relative bio- 

logical effectiveness (RBE) decreases 
with increasing x-ray dose from about 
50 to about 15. Thus, with higher doses 

x-rays become more efficient per rad 
relative to neutrons. Below x-ray doses 
of 5 rads, the RBE does not increase 

indefinitely but remains constant at 
about 50. The high RBE may be, in 

part, due to the large chromosomes 
characteristic of many Tradescantia 

species. 
There is no sign of a threshold in 

either the neutron or x-ray curves. 
Hence, a response would probably be 
observable at still lower doses, but it 
would be a formidable task to under- 
take such experiments, especially with 

x-rays, because several million stamen 
hairs would have to be scored. How- 
ever, such experiments are feasible. 

It has been pointed out (8) that for a 

variety of radiation effects on higher 

organisms the RBE of neutrons rela- 
tive to x-rays increases with decreasing 
dose. The functional dependence of 
RBE on dose is the point of departure 
of the theory of dual radiation action 
(6), which predicts that the RBE must 
become constant at very low doses. The 
observations reported here represent a 
clear-cut example of this. 

According to the dual action theory, 
radiation effects on higher organisms 
are due to elementary lesions that are 

produced at a rate, e, which depends on 
the square of the specific energy (9, 
10), z, in nuclear regions of the cell 
with dimensions of the order of 1 pm. 
A mathematical expression of this re- 
lation for x-rays and neutrons is: 

ex = K[(z) xD x + Dx2] 
e -- =K[(ZD) sDN + DND] 

where K is a constant, ZI is the dose 

average of specific energy increments, 
and D is the absorbed dose. 
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The dependence of mutation fre- 

quency on dose for neutrons indicates 
that for this radiation zD > D, but in 
the case of x-rays these quantities ap- 
pear to be comparable within the dose 

range investigated. From the facts that 
the RBE (DX/DN when X= EN) at 
low doses tends to the value (ZD)N/ 

(ZD)x = 54 and that (zD)x = Dx when 
the RBE is 27 (a result obtained by 
substitution) one can readily derive that 

(zD) N = 970 rads and (Z)x = 18 rads. 
These values occur when d, the diam- 
eter of the volume in which the energy 
concentration is critical, is about 2 ,tm. 
The value of K is about 3.1 X 10-5 

rad-2. It depends on the choice of 

mutation frequency, among other fac- 

tors. When the values are substituted in 
the above equations the two dashed 
lines in Fig. 1 are obtained. There is 

good agreement between theory and ex- 

periment in the ascending portions of 
the dose-respoinse curves. The descend- 

ing portions are due to another factor 
or factors, possibly cell killing. 

In view of a common tendency to 
estimate radiation hazards on the basis 
of extrapolations, we give the frequency 
of mutations in our control experi- 
ments. It is represented by the hori- 
zontal line at about 6.5 x 10-4 events 

per hair in Fig. 1. (Experiment 7 had 

the largest sample.) The "doubling 
dose" for x-rays is thus nearly 1 rad- 

a value considerably less than that ob- 

Table 1. Frequencies of pink-mutant events in stamens of Tradescantia clone 0.2. The values 

are averages obtained by dividing the total number of mutant events by the total number of 

stamen hairs scored from day 11 to day 15 after irradiation. The control frequencies were 

subtracted from the frequencies obtained in radiation experiments. 

Total 
Mutant Total stamen 

Dose Experi- events S.D. mutant hars 
(rads) ment per hair events scored 

Neutrons (0.43 Mev) 
Control 1 0.0015 0.0008 4 2,636 
Control 2 0.0006 0.0004 2 3,395 
Control 3 0.0007 0.0001 61 87,320 

0.01 3 0.00044 0.00017 109 95,729 
0.04 3 0.00115 0.00025 69 37,278 
0.163 1 0.0038 0.0017 14 2,621 
0.163 2 0.0050 0.0013 19 3,407 
0.163 3 0.0032 0.0005 123 31,559 
0.54 1 0.0183 0.0032 47 2,371 
0.54 2 0.0156 0.0024 55 3,385 
0.54 3 0.01288 0.00122 350 25,778 
1.07 1 0.0296 0.0038 73 2,349 
2.16 1 0.0693 0.0058 161 2,275 
4.34 1 0.1203 0.0076 285 2,339 
7.94 1 0.1765 0.0089 423 2,377 
7.94 2 0.1771 0.0074 661 3,720 

12.70 1 0.2558 0.0106 603 2,344 
17.20 1 0.2940 0.0113 687 2,325 
24.40 1 0.2910 0.0108 679 2,321 

X-rays (250-kv peak) 
Control 4 0.0035 0.0018 5 1,431 
Control 5 0.0029 0.0012 6 2,094 
Control 6 0.00087 0.00011 72 82,972 
Control* 7 0.00065 0.00007 622 938,408 

0.25t 7 0.000167 0.000064 820 960,698 
0.5 7 0.00027 0.00010 182 189,970 
1.0 6 0.00063 0.00019 137 91,346 
3.0 6 0.00195 0.00039 80 28,354 
3.0 7 0.00138 0.00018 112 55,432 
6.0 6 0.00365 0.00048 138 30,564 
6.0 2 0.0044 0.0015 17 3,374 
6.0 7 0.0024 0.0006 144 42,076 

11.5 5 0.0111 0.0031 27 1,929 
12.0 6 0.00882 0.00075 292 30,139 
12.0 2 0.0145 0.0024 55 3,634 
24.0 5 0.0241 0.0040 51 1,886 
24.0 2 0.0298 0.0032 106 3,484 
48.0 5 0.0682 0.0066 135 1,900 
68.0 2 0.1253 0.0066 438 3,480 
96.0 5 0.1624 0.0096 301 1,821 

144.0 5 0.2301 0.0104 480 2,060 
192.0 5 0.2262 0.0101 476 2,078 
192.0 4 0.2453 0.0059 1900 7,636 
240.0 5 0.2030 0.0101 391 1,899 
288.0 5 0.1413 0.0086 297 2,059 
432.0 5 0.1096 0.0076 223 1,982 

* Two-part experiment in which 402,548 and 535,860 stamen hairs were scored. The frequency was 
used as the control value in Fig. 1. t Two-part experiment in which 399,722 and 560,976 stamen 
hairs were scored. 
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served for certain effects in mammalian 
systems such as mice (11)-and the 
dose-effect curve departs from linearity 
when the frequency of radiation-in- 
duced mutations is only about five times 
the spontaneous frequency. This under- 
lines the deficiencies of linear extrapo- 
lations from large effects. For example, 
the mutation frequency at 1 rad, esti- 
mated from the mutation frequency at 
50 rads, would be more than twice as 
much as the observed rate. 
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Hydroxyproline Heterooligosaceharides in Chlamydomonas 
Abstract. Most of the hydroxyproline in Chlamydomonas reinhardtii is glyco- 

sidically linked to oligosaccharides and a monosaccharide that are different from 
the arabinosides found in hydroxyproline-containing plant cell walls previously 
examined. Of particular interest is the presence of hydroxyproline-O-galactose. 
These difjerences may be common to the volvocalean green algae and may be 
related to lower tensile strength of the cell walls of this group of plants. 
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In the search for a cell wall com- 
ponent capable of regulating cell wall 
extensibility, the hydroxyproline-rich 
protein extensin features as a possible 
candidate because of its ability to cross- 
link polysaccharides through the hydrox- 
yproline-O-arabinose linkage (1). This 
linkage is detected by the appearance 
of a series of hydroxyproline arabino- 
sides (Hyp-Aran, where n = 1 to 4) 
released from the cell wall by alkaline 
hydrolysis. These arabinosides have 
been isolated from all plants examined, 
ranging from the spermatophytes to the 
green alga Chlorella (1, 2). Especially 
remarkable in the survey (2) was the 
constancy of arabinose as the only hy- 
droxyproline substituent, with a limit 
of four arabinose residues. 

This survey has been extended to 
Chlamydomonas, an organism consid- 
ered phylogenetically to be more prim- 
itive than Chlorella. We now report 
that alkaline hydrolysis of a crude cell 
wall fraction froni Chlamydomonas 
releases a striking variety of hydroxy- 
proline-0-glycosides. These include hy- 
droxyproline-O-galactose observed in 
nature for the first time and a number of 
hydroxyproline heterooligosaccharides. 

Cells of Chlamydomonas reinhardtii 
(IUCC 89) were grown in 12-liter 
flasks containing 6 liters of Sager and 
Granick's acetate medium (3). Cul- 
tures were bubbled continuously with 

Table 1. Composition of hydroxyproline (Hyp) 
glycosides from Chlamydomonas reinhardtii. 

Hyp Theoretical* 
Glyco- Hpof molar ratios 

side ( of of 
total) glycosides 

Hyp A, 12.7 Ara,-Gals-Glc2-Hyp 
Hyp A2 4 
Hyp B 12.3 Ara3-Gal-Glc-Hyp 
Hyp C 17.6 Ara3-Gal-Glc-Hyp 
Hyp D 12.6 Ara3-Gal-Hyp 
Hyp E 13 Ara3-Gal-Hyp 
Hyp F 6.2 Ara2-Gal-Hyp 
Hyp G 10.8 Ara2-Gal-Hyp 
Hyp H 0.9 Ara2-Hyp 
Hyp I 4.1 Gal-Hyp 
Hyp J 2.4 Gal-Hyp 
Hyp K 1 Ara-Hyp 
Free Hyp 2.4 trans and cis Hyp 

* For estimated molar ratios, see Table 2. 

In the search for a cell wall com- 
ponent capable of regulating cell wall 
extensibility, the hydroxyproline-rich 
protein extensin features as a possible 
candidate because of its ability to cross- 
link polysaccharides through the hydrox- 
yproline-O-arabinose linkage (1). This 
linkage is detected by the appearance 
of a series of hydroxyproline arabino- 
sides (Hyp-Aran, where n = 1 to 4) 
released from the cell wall by alkaline 
hydrolysis. These arabinosides have 
been isolated from all plants examined, 
ranging from the spermatophytes to the 
green alga Chlorella (1, 2). Especially 
remarkable in the survey (2) was the 
constancy of arabinose as the only hy- 
droxyproline substituent, with a limit 
of four arabinose residues. 

This survey has been extended to 
Chlamydomonas, an organism consid- 
ered phylogenetically to be more prim- 
itive than Chlorella. We now report 
that alkaline hydrolysis of a crude cell 
wall fraction froni Chlamydomonas 
releases a striking variety of hydroxy- 
proline-0-glycosides. These include hy- 
droxyproline-O-galactose observed in 
nature for the first time and a number of 
hydroxyproline heterooligosaccharides. 

Cells of Chlamydomonas reinhardtii 
(IUCC 89) were grown in 12-liter 
flasks containing 6 liters of Sager and 
Granick's acetate medium (3). Cul- 
tures were bubbled continuously with 

Table 1. Composition of hydroxyproline (Hyp) 
glycosides from Chlamydomonas reinhardtii. 

Hyp Theoretical* 
Glyco- Hpof molar ratios 

side ( of of 
total) glycosides 

Hyp A, 12.7 Ara,-Gals-Glc2-Hyp 
Hyp A2 4 
Hyp B 12.3 Ara3-Gal-Glc-Hyp 
Hyp C 17.6 Ara3-Gal-Glc-Hyp 
Hyp D 12.6 Ara3-Gal-Hyp 
Hyp E 13 Ara3-Gal-Hyp 
Hyp F 6.2 Ara2-Gal-Hyp 
Hyp G 10.8 Ara2-Gal-Hyp 
Hyp H 0.9 Ara2-Hyp 
Hyp I 4.1 Gal-Hyp 
Hyp J 2.4 Gal-Hyp 
Hyp K 1 Ara-Hyp 
Free Hyp 2.4 trans and cis Hyp 

* For estimated molar ratios, see Table 2. 

air and maintained under a bank of 
six fluorescent tubes yielding an inten- 
sity of 33,000 lu/m2. Cells were har- 
vested by centrifugation at the end of 
the logarithmic growth phase, washed 
with sterile water, resuspended in water, 
and sonicated at the maximum setting 
for 20 minutes (Branson Sonic Pow- 
er Sonifier). Microscopic examination 
showed that this treatment completely 
shattered all cells. The homogenate was 
made to 10 percent with trichloroacetic 
acid and centrifuged at 5000g 
for 20 minutes. The pellet was resus- 
pended in water, neutralized with KOH, 
and sedimented again, yielding a crude 
fraction containing the cell walls. Alka- 
line hydrolysis [0.2M Ba(OH)2 for 
6 hours at 100?C] of this fraction 
yielded a mixture of hydroxyproline 
glycosides, which were separated chro- 
matographically on a column (0.6 by 
75 cm) of Chromobeads B (Technicon 
Corp.) and monitored for hydroxypro- 
line by automated analysis as described 
(2), except that a 0 to 0.2N HCl gradi- 
ent was used to improve the resolution 
of the hydroxyproline glycosides (Fig. 
1). The glycosides were hydrolyzed in 
2N trifluoroacetic acid (4). Sugars from 
the hydrolyzates were identified by pa- 
per chromatography in ethyl acetate, 
pyridine, water (8: 2: 1) solvent (5) 
and development with alkaline silver 
nitrate (6). These identifications were 
confirmed by gas chromatography of 
the sugar alditol acetates (4). Amino 
acids other than hydroxyproline were 
assayed for by paper electrophoresis 
(7). The hydroxyproline, arabinose, 
and galactose were estimated (7), and 
glucose was estimated with Glucostat 
(an enzymic assay obtained from 
Worthington Biochemical). 

For determination of the sequence of 
sugars, each glycoside was partially hy- 
drolyzed in 0.1N trifluoroacetic acid at 
90?C for 0.5 hour. This mild acid hy- 
drolysis released a mixture of hydroxy- 
proline glycosides as breakdown prod- 
ucts of the original hydroxyproline 
glycosides. Separation and analysis of 
these glycosides enables us to determine 
a tentative sugar sequence. 

Figure 1 shows the profile of hy- 
droxyproline glycosides eluted from the 
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with sterile water, resuspended in water, 
and sonicated at the maximum setting 
for 20 minutes (Branson Sonic Pow- 
er Sonifier). Microscopic examination 
showed that this treatment completely 
shattered all cells. The homogenate was 
made to 10 percent with trichloroacetic 
acid and centrifuged at 5000g 
for 20 minutes. The pellet was resus- 
pended in water, neutralized with KOH, 
and sedimented again, yielding a crude 
fraction containing the cell walls. Alka- 
line hydrolysis [0.2M Ba(OH)2 for 
6 hours at 100?C] of this fraction 
yielded a mixture of hydroxyproline 
glycosides, which were separated chro- 
matographically on a column (0.6 by 
75 cm) of Chromobeads B (Technicon 
Corp.) and monitored for hydroxypro- 
line by automated analysis as described 
(2), except that a 0 to 0.2N HCl gradi- 
ent was used to improve the resolution 
of the hydroxyproline glycosides (Fig. 
1). The glycosides were hydrolyzed in 
2N trifluoroacetic acid (4). Sugars from 
the hydrolyzates were identified by pa- 
per chromatography in ethyl acetate, 
pyridine, water (8: 2: 1) solvent (5) 
and development with alkaline silver 
nitrate (6). These identifications were 
confirmed by gas chromatography of 
the sugar alditol acetates (4). Amino 
acids other than hydroxyproline were 
assayed for by paper electrophoresis 
(7). The hydroxyproline, arabinose, 
and galactose were estimated (7), and 
glucose was estimated with Glucostat 
(an enzymic assay obtained from 
Worthington Biochemical). 

For determination of the sequence of 
sugars, each glycoside was partially hy- 
drolyzed in 0.1N trifluoroacetic acid at 
90?C for 0.5 hour. This mild acid hy- 
drolysis released a mixture of hydroxy- 
proline glycosides as breakdown prod- 
ucts of the original hydroxyproline 
glycosides. Separation and analysis of 
these glycosides enables us to determine 
a tentative sugar sequence. 

Figure 1 shows the profile of hy- 
droxyproline glycosides eluted from the 
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