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BIOLOGY

Quantitative Plating of Gamma-Irradiated Cultures
of a Blue-Green Alga

MICHAEL J. BAZIN*

ABSTRACT — A method for quantitative recovery of the blue-green alga, Anacystis nidulans, after
treatment with gamma rays is described, and data for the survival of the alga after exposure to
a gamma source is presented. No conclusions could be drawn by applying a “multi-target’’ model
relating dosage to survival. Application of the data to a revised target-theoretical expression
which included the effects of a dose-dependent repair mechanism indicates that such a mecha-
nism is present in A. nidulans. The validity of these dose-response models is discussed.

Anacystis nidulans is a small, unicellular blue-green
alga which grows rapidly in simple, defined, inorganic
media. For the past few years I have been engaged in re-
search aimed at demonstrating genetic recombination in
this organism and thereby showing that some form of
sexuality occurs in the Cyanophyta. Part of this research
involved establishing a method for the quantitative re-
covery of viable cells on agar plates and for the deter-
mination of the number of survivors after given doses of
gamma irradiation. These results are presented and two
of the simpler hypotheses relating dosage to survival ap-
plied to them.

In order to investigate physiological or genetic char-
acteristics of a micro-organism quantitatively, it is nec-
essary to develop methods for counting individual cells.
A. nidulans can be counted in a Coulter electronic
counter and, with difficulty, in a haemocytometer. Such
counts determine the total number of cells present.

To determine the effect of gamma irradiation, a
method is needed for estimating the number of viable
cells present in a population. The classical microbiologi-
cal technique for such determinations is a plate count.
A sample of the population that is to be assayed is di-
luted, and small portions are spread on to petri plates
containing medium that has been supplemented with
agar. The preparations are then incubated, and the num-
ber of colonies that form on the surface of the agar is
counted. It is assumed that each colony represents the
products of a single cell. Therefore the number of cells
in the original population can be calculated from the
colony count by multiplying by the appropriate dilution
factors. To use this technique it is first necessary to verify
experimentally the assumption that each colony on the
agar plates represents a clone, i.e. derived from a single
cell.

The ability of A. nidulans to form clones on agar
plates was tested with a sample of cells from a vigorously
growing, aerated culture. Cells in one part of the sample
were counted in a Coulter Counter after appropriate di-
lution with Millipore filtered 0.95% NaC1 solution. The
rest of the sample was used for a viable count determi-
nation. A measured portion was diluted with sterile mod-
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ified Kratz and Myers medium C (Van Baalen, 1965),
from which manganese was omitted from the A5 micro-
elements solution, and 0.1 m1 samples placed in 10 plas-
tic petri dishes on the same medium to which 1.5% agar
had been added.

The suspensions were then spread over the surface of
the agar by means of a sterile glass rod and incubated at
25°C under 10 Champion 40 watt fluorescent lamps pro-
ducing 1.2 x 10* ergs/cm? per second incident light on
the plates. After about 10 days colonies appeared on the
surface of the agar, and these were counted.

The cell count determined with the Coulter Counter
was 5.89 x 10°® cells/ml. The viable count was 6.58 x
10® cells/m1. The number of viable cells apparently ex-
ceeded the total number of cells present. The most likely
explanation for this discrepancy is the inherent vari-
ability in the plate-counting method. In another experi-
ment, five separate viable count determinations were
made, each based on colony counts of five plates. The
average count was 6.16 x 107 cells/m1 with a standard
error of the mean of 0.72 x 107 (about 11.5% of the
mean).

The similarity between viable and cell counts indicates
that A. nidulans is capable of forming clonally derived
colonies on a simple inorganic medium. This result con-
flicts with previous reports which have suggested that 4.
nidulans could not be plated quantitatively (Kumar,
1962; Pikdlek, 1967) or precautions had to be taken to
prevent the formation of a lethal peroxide (Marler and
Van Baalen, 1965) or that the agar had to be autoclaved
separately from the medium in order to prevent the for-
mation of toxic products (Allen, 1968).

Action of Gamma Irradiation on A. nidulans

A. nidulans was grown at 28°C in 600 m1 Bellco cul-
ture tubes 3.5 inches from three 40 watt Champion flu-
orescent lamps producing 1.6 x 10* ergs/cm? per second
incident light. The cultures were vigorously aerated with
water-saturated, sterile air. Samples of 2.0 m1 were dis-
pensed to small, sterile glass tubes plugged with cotton
which were placed in a cylindrical configuration five
inches from 10 Co® pencils yielding 1.394 Kr/minute
of gamma irradiation. At timed intervals the tubes were
removed from the gamma source and the algal suspen-
sions were diluted appropriately and viable count deter-
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minations made. Five plates were spread for each ex-
posure. Three such experiments were performed. The re-
sults are given in Table 1.

Interpretation of survival data

Several hypotheses have been proposed relating dosage
to survival. I have applied the data in Table 1 to two
of them. The “multi-target” model (Zimmer, 1961;
Hutchinson and Pollard, 1961) presupposes that there
are m target molecules per cell each with a volume v,
and that all m targets have to be hit in order to kill a
cell. For m =1, the fraction of cells killed should be in-
dependent of the number present so that AN/NdD = —k,
where N represents the number of cells surviving, D is
dose and k is a constant. Thus: N/N,="*P, where N/
N, represents the surviving fraction. The fraction that
dies is 1 —N/N, or 1 —e¢*P. The constant, k, is in fact
the target volume, v. The expression 1 — e™*? may be re-
garded as the probability of the radiation hitting one tar-
get. The probability of hitting m targets in a single cell,
simultaneously, is therefore (1 —e?)™. The surviving
fraction, S, may thus be represented as:

S=1—(1—e"P)»
Expanding this expression by the binomial series yields:
S =L 1 4 (lm_m(lm_l)e_‘.D = m(m = l)lmze—‘:\'l) /2 Il .)
At high doses the terms after m(1™-*)e~™® (which is
equal to me—*?) ten to zero and may be discarded. Thus
for high D:

S=] —1-+me™2
And: InS=1nm—vD
This means that if the logarithm of the surviving fraction
is plotted against dose, the curve becomes linear at high
dosage. In addition, extrapolation of this linear portion
back to zero dose yields m, the number of target mole-
cules per cell.

TABLE 1. Action of gamma irradiation on Anacystis nidulans.
Fraction surviving

Dose (Kr) Experiment 1 Experiment 2 Experiment 3
0 1.0000 1.0000 1.0000
4 0.7008 1.0295 0.9414
8 0.5239 0.4612 1.7029

12 0.4343 0.2841 1.2300
16 0.5022 0.4539 0.9915
20 0.3500 — 0.7767
24 — 0.1845 0.4253
28 — 0.3472 0.5195
32 — —
0.2315
0.3166
0.0169
0.0231
50 — —

In Fig. 1 the combined data of the three experiments
has been used to plot a dose-response curve based on the
“multi-target” hypothesis. The constants v and m were
determined from the relationship between dose and sur-
vival at high dosage. A linear regression line was drawn
through the log fraction survival for dosage values equal
and greater than 20 Kr. When this line is extrapolated
to zero dose, an abscissa value of 6.55 is obtained. (This
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FIGURE 1. Survival of gamma-irradiated A. nidulans. Appli-
cation of the data to the “multi-target” model. Broken line
represents a regression line through the data points at high
dose. The solid line represents the theoretical expression,
S= —(1-e")™, where m=6.55 (the intercept of the re-
gression line at zero dose) and v=0.12 (the slope of the re-
gression line).

is a minimum value, as at D= 50 the second and succeed-
ing terms of the binomial expansion contribute signifi-
cantly to the curvature of the graph.) This represents
the number of target molecules per cell, m. The slope of
the regression line gives the constant v and has a value
of 0.12.

The second model applied to the data is that of
Haynes (1966). This hypothesis is based on the assump-
tion that damage to the target molecules causes the cells
to die exponentially but that there is a repair mechanism
within the cells which is responsible for the shoulder on
the initial part of the dose-response curve. The relation
between fraction surviving and dose is:

In S=-F(D) +G(D)
where F(D) represents the way in which the number of
targets damaged increases with dose and G(D) repre-
sents the way in which they are repaired. As the number
of target molecules struck is a function of the number
present,

~F(D) =—kD
The repair mechanism, G(D), is described by the sim-
plest saturation function that: (1) Passes through the
origin — at zero dose no defects are repaired as none have
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FiGURE 2. Survival of gamma-irradiated A. nidulans. Appli-
cation of the data to Haynes’ (1966) model, 1n S=—kD +
o (1-eBD), where 8 =0.0005, k = 6.386, and « = 12776.

been made; (2) at low doses the number of defects re-
paired is proportional to dose; and (3) the capacity for
repair saturates at high doses. The function suggested by
Haynes is:

G(D) =a(1—ehP)
Thus the expression for S becomes:

InS =~kD + a(1—efP)

The parameters k, @ and B represent respectively the
way in which the target molecules are inactivated, the
maximum number of potentially lethal hits which can be
repaired and the manner in which repair saturates with
increasing dose.

The grouped data of all three experiments has been
used in an attempt to estimate the parameters k, «, and g
by means of a least squares fit. This statistical method
showed that the value of g which best fits the data lies
between 0.0001 and 0.005. Fig. 2 shows the combined
experimental data fitted to the theoretical curve where
a=10.0005, k=6.386 and « =12776. The values used
by Haynes were 8= 0.00277, k = 1.29 and « = 466. The
theoretical curves generated by either of these sets of
parameters give a reasonably good representation of both
Haynes’ and my data, despite the difference in magni-
tude of the values.

Estimate of Viable Cells

Although the plating technique is subject to a high de-
gree of variability, it can be used as an estimate of the
number of viable cells present in a population of 4. nid-
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ulans. Of greater significance is the fact that the progeny
of a single cell within a large population of cells can be
isolated.

Thus if a suspension of several million cells is plated
on a selective medium, containing for example strepto-
mycin, a single mutant cell resistant to the antibiotic can
grow, form a colonoy and be subcultured. In this way
many mutant strains can be isolated and used for a va-
riety of genetic and physiological experiments.

In order to evaluate either of the models applied to the
survival data, it is necessary to know the site of action, or
target molecules, of the radiation. There is good evi-
dence, at least for UV and X-rays, that DNA is the prin-
ciple macromolecule to be affected (Haynes, 1966). If
DNA is the target molecule, then the constant, m, of the
“multj-target” hypothesis represents the average number
of DNA molecules per cell. In 4. nidulans m has a value
of at least 6.55. Although the possibility cannot be abso-
lutely excluded at present, it is difficult to accept this
value as an estimate of the number of genomes in a cell
of the alga.

Thus the results of my experiments call into question
the validity of the “multi-target” model. Evidence from
organisms of known ploidy casts further doubt on the
efficacy of the model. Davies (1967) presented survival
data for haploid and diploid gamma-irradiated Chlamy-
domonas reinhardi. The extrapolation values (m) for
these strains did not conform to the simple relationship
predicted by the “multi-target” hypothesis. There was,
however, a longer initial shoulder in the dose-response
curves of the diploid strains, indicating that the survival
of the cells is at least partly a function of their DNA
content.

Haynes’ model which incorporates the effects of a re-
pair mechanism is supported by some experimental evi-
dence. Haynes (1966) compared the dose-response
curve of Escherichia coli B/r, in which there is an initial
shoulder, to E. coli By, a mutant strain lacking a DNA
repair mechanism, which showed no initial shoulder but
died exponentially. It appears therefore, that at least part
of the shoulder in the dose-response curve is due to the
repair of DNA within the cells. As 4. nidulans shows
such an initial shoulder, it can be inferred that such a
mechanism exists in the alga.

The basic assumptions of both the models are sup-
ported by some experimental evidence. The “multi-tar-
get” model states basically that the shoulder of the dose-
response curve is a function of the number of DNA
molecules per cell. Haynes’ model relates this shoulder to
a repair mechanism. There is evidence for both supposi-
tions—experiments with Chlamydomonas (Davies, 1967)
and Haynes’ experiments with E. coli described above.
It may therefore be necessary to incorporate both of
these assumptions in a single model before a satisfactory
relationship between dosage and survival can be postu-
lated.

Acknowledgment
This research was supported by an Institutional Grant
of the American Cancer Society and a predoctoral fel-

47



lowship from the National Institute of Health. The au-
thor is grateful for the assistance and advice of Dr. H. T.
David of the Statistical Center at the University of Min-
nesota, Dr. F. M. Williams, and Miss Maureen Bell.

References

ALLEN, M. M. Simple conditions for growth of unicellu-
lar blue-green algae on plates. J. Phycol. 4(1):1-4.

Davies, D. R. 1967. Absence of an oxygen effect and the
genetically determined repair process. Nature 215:
829-832.

HayNEs, R. H. 1966. The interpretation of microbial in-
activation and recovery phenomena. Radiation Res.
Supp. 6:1-29.

HutcHinsoN, F. and F. PoLLARD. 1961. Target theory
and radiation effects on biological molecules. In

“Mechanisms in Radiobiology” Vol. 1. M. Errera and
A. Forssberg Eds. Academic Press.

KuMar, H. D. 1962. Apparent genetic recombination in
a bluegreen alga. Nature 196:1121-1122.

Kumar, H. D. 1963. Effects of mutagenic agents on
blue-green algae. Ph.D. Thesis, University of London.

MARLER, J. E. and C. VAN BAALEN. 1965. Role of H,O,
in single-cell growth of the blue-green alga, Anacystis
nidulans. J. Phycol. 1:180-185.

PIKALEK, P. 1967. Attempt to find genetic recombination
in Anacystis nidulans. Nature 215:666-667.

VaN BAALEN, C. 1965. Quantitative surface plating of
coccoid blue-green algae. J. Phycol. 1:19-22.

ZIMMER, K. G. 1961. “Studies on Quantitative Radia-
tion Biology.” Hafner Publishing Co., New York.

BIOLOGY

Northern and Western Corn Rootworms in Minnesota

H. C. CHiaNG* and R. G. FLASKERD**

ABSTRACT — The occurrence and population changes of the northern corn rootworm, Diabrotica
longicornis (Say), and the western corn rootworm, D. virgifera LeConte, were reviewed on the
basis of information assembled at the Department of Agriculture of the State of Minnesota; and
the Department of Entomology, Fisheries, and Wildlife and the Extension Entomologist’'s Office of
the University of Minnesota.

The review shows no record of the northern species in Minnesota before 1899, but it appeared
between 1899 and 1915. Populations were probably very low until 1932. Sporadic infestations
were reported between 1932 and 1953. Progressive increase in infestation from 1954 parallelled
an increase in continuous planting of corn. The western species reached Minnesota in 1961. By
1968 it was found in practically all counties where the northern species was found. There was no
displacement of the northern species by the western in Minnesota, as happened in some other

localities.

The northern corn rootworm, Diabrotica longicornis
(Say), has been in Minnesota for many years, but the
western corn rootworm, D. virgifera LeConte, is a rela-
tively newcomer to the state. It is acknowledged that in-
festations of both species have been encouraged by con-
tinuous planting of corn. The present review attempts to
establish, by retrospect, the occurrence of both species
and the increase of infestation as related to continuous
corn planting in Minnesota.

Information was gathered from several sources: pub-
lished material; and files, correspondence, and interim re-
ports at the Division of Plant Industry, Department of
Agriculture, State of Minnesota; the Department of En-
tomology, Fisheries, and Wildlife; and the Extension En-
tomologist’s Office, University of Minnesota. The cvents
are presented chronologically in several periods.

* Member of Department of Entomology, Fisheries, and Wild-
life, University of Minnesota, St. Paul.

Staff member, Department of Agriculture, State of Minne-
sota.

Scientific Journal Series, Paper no. 6837, Minnesota Agri-
cultural Experiment Station, St. Paul 55101.
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BEFORE 1899. The carliest mention of corn rootworm
in Minnesota publications was by Dr. Otto Lugger, the
state entomologist, in his report of 1899, as follows:

“In the western and central states a third species is
found, the “corn root Diabrotica,” named as from its
long feelers. Its larva is a very serious pest. As this
species winters in the egg state in corn fields, a simple
rotation is all that is necessary to keep it in check. It is
not found in Minnesota, at least no specimens have
been seen or received, while D. I2-punctata and D.
vittata are very common, and the latter seems to be
rapidly on the increase.”

From the above, it seems fairly certain that D. longi-
cornis was not present in Minnesota at that time.

1899 TO 1931. No further information was available
until 1916, when C. W. Howard reported “The western
(sic) corn root-worm (Diabrotica longicornis) has been
reported in Minnesota for the first time during the past
summer, appearing in several widely separated localities
in the southern quarter of the state.”

Further search of the literature and the files of the
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