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Introduction

The purpose of this study is to evaluate the effects of benzene hexachlo-
ride isomers on root growth and the antagonism of these effects by selected
chemical compounds. Interest has developed in gamma benzene hexachlo-
ride because it is highly toxic to insects (40). Five isomers of benzene
hexachloride have been isolated (19) and the structural properties of most
of them are well understood (40). The gamma and delta isomers cause
mitotic arrest at metaphase (8, 9, 13, 28, 30). The toxicity of the gamma
isomer, known commercially as Lindane, has been studied extensively (8,
14, 18, 23, 28, 34, 38), but little work has been done on the delta isomer (8,
38). Benzene hexachlorides possess certain properties characteristic of typ-
ical narcotic compounds, two of which are the lack of polar groups in the
molecule and the limited solubility in water. Owing to the lack of polar
groups, it would be predicted that benzene hexachloride (BHC) molecules
would accumulate preferentially in the lipid phase boundaries of the proto-
plast (2). Following such accumulation, changes in cell structure and or-
ganization may occur which greatly influence the direction and rate of
chemical reactions (13, 33).

One of the first reported antagonists of gamma benzene hexachloride
was meso-inositol (9, 12, 22, 27). Earlier, this finding was of interest be-
cause of the supposed structural analogy between gamma benzene hexa-
chloride and the biologically important inositols. It now appears, however,
that the delta isomer, and not the gamma isomer, is isomorphous with meso-
inositol (17). D'AMATO (12), on the other hand, reported a delaying action
of meso-inositol on the C-mitotic and C-tumor action of gamma benzene
hexachloride, which occurred at 15 to 190 C, but not at 26 to 270 C.
D'Amato also observed a delaying action of sucrose and other sugars and
ascribed these effects to a change in permeability to the BHC. Antago-
nisms of this type are suggestive of those observed against x-radiation by
sodium cyanide (3), thiourea (31) and vitamin P (41).

LEVAN and OSTERGREN (30) have discussed the mechanism of C-mitotic
action at some length. These workers describe C-mitotic action as a nar-
cosis of those factors which govern growth by cell division, and C-tumor ac-
tion as a narcosis of those factors which govern growth by cell tension.
C-tumor formation has a threshold separate from C-mitosis (37). Mc-

526



HOPKINS: INHIBITION OF GROWTH BY BENZENE HEXACHLORIDE 527

ELROY (33) has presented a unifying interpretation of the mechanism of
inhibition of cellular activity by narcotics, in vivo. He stressed that nar-
cosis consists fundamentally of the inhibition of the Pasteur effect. McEl-
roy's interpretation is quite useful in that it encompasses most theories
heretofore advanced on the mechanism of narcosis. Furthermore, it aids
materially in explaining why diverse inhibitors of cellular function appear
to affect a variety of processes in somewhat the same way, even though the
actual site of combination of the inhibitors in cells may be different.

Materials and methods
The rooting medium adopted after preliminary study was the special

crepe paper called Kimpack, often used by seed technologists. Pieces of
Kimpack eight inches square and 0.3 inch thick were placed in waxed card-
board boxes eight and one half inches square and one and one half inches
deep. The required amount of BHC was pipetted from the diluted stock
solution into a dispenser fitted with an aluminum sprinkler head and ace-
tone containing 0.08%c Tween 20 was added to give a volume of 130 ml.
which was adequate for thorough impregnation. The treated papers were
dried in a forced draft oven at 300 C for eight hours. Since BHC will vola-
tilize under these conditions, it is imperative to maintain a constant drying
time if comparable data are to be obtained between experiments. The ini-
tial BHC concentration is calculated from the volume of water used to mois-
ten each piece of dried Kimpack and the weight of BHC added. Purified
alpha, beta, gamma and delta isomers of BHC were used.

Plant material consisted of Cucurbita pepo (L.), variety Early Yellow
Prolific squash, and Carthamus tinctorius (L.), Nebraska Hybrid, number
852. Previous work indicated squash roots to be sensitive to a large number
of chlorinated hydrocarbon insecticides and related compounds (25).

All experiments were carried out in a dark room at a temperature of
27 ± 10 C and a relative humidity of about 50%c. Seedlings with primary
roots 1 to 3 mm. long were transplanted to treated and untreated papers'previ-
ously moistened with 130 ml. of aerated tap water, then covered with moist
paper toweling. A uniform planting and harvesting schedule was adhered to
so as to avoid the variability associated with mitotic cycles (21). All experi-
ments were terminated 48 hours after transplanting. Twenty-five seedlings
were removed from the treated papers and root tips 10 mm. long were ex-
cised under water. The root tips were preserved in glacial acetic acid be-
cause standard killing solutions did not permit good maceration following
transfer to chromic acid. The over-all length of primary roots was then
recorded, allowing for the portion removed.

A composite sample of five root tips was placed in one ml. of 5%
chromic acid and macerated after standing six hours, according to the
method of BROWN and RICKLESS (7). Ten to fifteen root tips were studied
in each treatment. Using a special pipette, a small aliquot of the macerated
root suspension was transferred to the counting chamber of a Spencer
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Bright-Line haemacytometer for counting of the cells. The volume of the
chamber was 0.9 cubic millimeter. The microscope used for counting had a
35 mm. Leitz objective, 20 x compensating oculars and no condenser. The
slide was illuminated with a Spencer microscope lamp fitted with a blue
Corning glass filter, number 429. Counts were completed within 24 hours
after transfer of root tips to the chromic acid in order to avoid difficulties
with disintegration of the cells. The total number of cells and the number
of non-vacuolated cells were determined in treated and untreated root tips.
By means of this technique BROWN and RICKLESS (7) determined the effect
of mineral nutrients, sugar and yeast extract on the rate of cell division in
excised roots of Cucurbita pepo (L.) during a period of 12 hours. They de-
termined the rate of cell division by dividing the average increment in num-
ber of cells by the average number of non-vacuolated cells in the root dur-
ing the interval. A modification of this procedure has been used in this
work. The number of non-vacuolated or meristematic cells in squash seed-
ling root tips was found to remain constant during the four 12-hour inter-
vals of a 48-hour experiment. The total number of cells, however, de-
creased progressively during this time. The number of vacuolated cells,
obtained by taking the difference between total and non-vacuolated cells,
likewise decreased. The assumption is made that during the first 48 hours,
the dominant process in squash roots is cell division.

The ratio between non-vacuolated and vacuolated cells in untreated
root tips during a period of 48 hours is plotted in figure 2. This ratio is
termed the index of growth. It is of interest that the shape of the curve is
similar to that of the classical growth curve. The cell counting technique
is quantitative; and measures change in the combined processes of cell divi-
sion, differentiation, and organization. MASCRE' and DEYSSON (32) used a
mitotic index for comparing the effects of various chemicals on mitosis in
the onion root. The average number of cells and the number of non-vacu-
olated cells between duplicate samples from the same bottle could be
counted with an error of 5% as claimed originally for this method (7). A
coefficient of variability of 15%o was observed among 25 random samples for
counts of cells. For counts of non-vacuolated cells the coefficient of varia-
bility was 20% among 25 random samples.

The extent of protection exhibited by various chemical compounds
against concentrations of benzene hexachloride isomers inhibiting cell divi-
sion was studied. The following compounds were dissolved in water and
applied in concentrations ranging from 10-6 to 10-2 M to Kimpack paper
treated with BHC: acetylcholine chloride, adenylic acid, beryllium sulphate,
cysteine chloride, desoxyribose nucleic acid and ribose nucleic acid, di-
methylamine, D-glucose, D,L-glyceraldehyde, ethanol and calcium chloride
mixtures, i-inositol, iodoacetic acid, magnesium chloride, octanoic acid,
phloridzin, sodium arsenate, sodium arsenite, sodium diethyldithiocarbam-
ate, sodium fluoride, sodium pyrophosphate, thiamine hydrochloride and
2,4-dinitrophenol (10, 15, 24, 27, 29, 42, 44). All solutions were adjusted to
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a pH of 6.0 with th, exception of iodoacetic acid and sodium diethyldithio-
carbamate which were used at a pH of 5.0 and 7.5, respectively. The effect
of these compounds on the growth of squaslh roots was determined in pre-
liminary experiments.

Inorganic and labile phosphate analyses were made on root tips essen-
tially according to the method of KALCKAR (26). The method permits the
determination of inorganic phosphorus in the presence of labile phosphate
esters. Excised root tips weighing 500 mg. were cooled quickly to - 50 C,
then transferred in 10 ml. of ice cold trichloroacetic acid to a Potter-
Elvehjem homogenizer (43) made of stainless steel. The final concentration
of the trichloroacetic acid was 57c. During homogenization the stainless
steel tube was kept in ice. The cold homogenized suspension was centri-
fuged for one to two minutes at 12,000 RPM1 in an angle-head centrifuge.
The tube was placed in ice and a 0.5 ml. aliquot of the supernatant liquid
was pipetted into 1.0 ml. of 0.1 N sodium acetate, and 3.0 ml. of sodium
acetate-acetic acid buffer, pH 4, was added. This sample was analyzed for
inorganic phosphate. Labile phosphate was determined on another aliquot
which was incubated at 300 C for 30 minutes before neutralizing with thle
acetate-acetic acid buffer. The phosphate color was developed in both
samples by adding 1.0 ml. of ammonium molybdate reagent at a concentra-
tion of 1% in 0.05 N sulphuric acid, and 1.0 ml. of ascorbic acid at a con-
centration of 17% in water. Absorption of light was measured with a Beek-

TABLE I
ENZYME INHIBITORS WHICH AFFECT THE GROWTH OF ROOTS OF Cucurbita pepo.

Meanotal Mean non- IneName of Concentration cells per root vacuolated InOdfex Mean root
compound (molarity) (x 1p r) cells per root growth length

(x10') ~(xlIo,) ot

mm.
Sodium 2.3 x 10'6 87.4 44.0 1.01 64

arsenite 2.3 x 105 80.4 38.9 0.94 61
4.5 x 10- 87.2 44.4 1.04 57

2,4-Dini- 4.2 x 10-' 59.0 27.1 0.85 71
trophenol 4.2 x 10- 56.7 17.3 0.44 25
(DNP) 4.2 x 10- 61.4 17.5 0.40 12

Sodium 2.5 x 106 84.6 36.2 0.75 58
arsenate 1.2 x 10 5 69.3 24.4 0.54 44

2.5 x 10- 52.4 14.6 0.39 25
lodoacetate 4.1 x 106 86.1 39.8 0.86 75

4.1 x 10' 87.0 43.6 1.00 66
4.1 x 10- 73.5 32.9 0.81 51
1.0 x 103 64.7 12.8 0.25 26

Beryllium 7.3 x 10' 83.2 38.1 0.84 46
sulphate 7.3 x 105 74.4 35.3 0.90 39

7.3 x 10- 65.0 35.0 1.17 48
7.3 x 103 62.8 22.0 0.54 38

Untreated 82.0 38.7 0.90 70
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mann spectrophotometer at 700 millimicrons, after the color had developed
for 10 minutes.

The phosphate analyses were made to campare the effect of 2,4-dinitro-
phenol (DNP), which causes the release of inorganic P, with that of benzene
hexachloride. Determination of labile phosphate, although specifically a
measure of adenosine triphosphate (ATP), may be interpreted as such if a
marked decrease in labile P occurs in the presence of the stimulant (33).

Results

It seemed desirable to characterize the capacity of squash roots to
respond to selected chemical compounds, many of which are considered
rather specific inhibitors of enzyme systems. Indices of growth for five
compounds having inhibitory effects on root growth are shown in table I.
Sodium arsenite and iodoacetate reduce sulfhydryl groups, and sodium
arsenate and DNP act to uncouple oxidative phosphorylation (4). Sodium
arsenate may also inhibit adenosine triphosphatase. Beryllium sulphate is
considered to be an inhibitor of the prosthetic group of adenosine triphos-
phate (15). Sodium arsenite at a concentration of 2.3 x 10-4 M stopped root

TABLE II
EFFECT OF BENZENE HEXACHLORIDE ISOMERS ON TWO PLANT SPECIES.

Mean total Mean non-

Species Isomer and cells per root vacuolated Mean rootCltumor*Species ~dosage Zx 1Op) cel pe ot length

mm.
Cucwubita pepo alpha BHC

1.1 x 10-M 62 ± 7 9.3 ± 4 32 ± 12 ++
beta BHC
1.1lx 10<M 78 ± 19 36.0 ± 6 82 ± 37 None
gamma BHC
1.1 x 10'M 66 ± 38 1.6 ± 0.8 14 ± 1.9 +++
delta BHC
1.1 x 10 M 44 ± 0.5 1.8 ± 0.04 10 ± 1.9 +

None 67 ± 6 34.0 ± 0.3 75 ± 12 None

Corthamus alpha BHC
tinctorius 2.2 x 104M 96 ± 9 45.0 ± 14 44 ± 12 None

beta BHiC
2.2x 10-4M 68 ± 7 33.0 ± 8 44 ± 18 None
gamma BHC
2.2x103M 84±30 16.0 ± 5 26±11 +
delta BHC
2.2 x 10- M 46 ± 4 3.3 ± 3 17 ± 8 +
None 84 ± 10 44.0 ± 6 67 ±12 None

*+ = slight C-tumor, ++ = intermediate C-tumor, +++ = pronounced C-tumor.
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growth in the first 12 hours of the experiment. Lower concentrations of
arsenite were without effect. Sodium arsenate, iodoacetate and DNP lowered
the growth index and over-all root lengths at concentrations of 10-3 M or
lower. Beryllium sulphate inhibited root growth at all concentrations used,
but the rather high concentration of 7.3 x 10-3 M was required to lower the
growth index. The most striking effect on cell numbers is produced by
DNP and sodium arsenate. Glyceraldehyde, phloridzin, sodium fluoride,
acetylcholine, sodium diethyldithiocarbamate, and sodium pyrophosphate
were without effect on root growth. These results indicate that the cell
counting technique is useful in judging the growtth inhibiting effects of water
soluble chemicals.
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FIG. 1. Dosage response ctrxves for the effect of gamma and delta
chloride on the growth of Cuicutrbila pepo roots.

benzene hexa-

Detailed screening experiments using four isomers of benzene hexachlo-
ride were carried out on squash, Cucurbita pepo (L.), and a safflower hybrid,
Carthamus tinctorius (L.). Results are shown in table II. The C-tumor
which appears in response to the gamma isomer is quite pronounced. The
condition known as C-tumor arises from an unimpeded tension in all direc-
tions tending to make the root cells isodiametric (30).

The effect of varying concentrations of the gamiima and delta isomers on
the growth index is shown in figure 1 in which the logarithm of the concen-
tration of benzene hexachloride is plotted against the growth index. Com-
parison of the curves shows that the concentration at which the gamma
isomer produced a 50% lowering of the growth index was about fivefold
higher than that for the delta isomer.

Results from an experiment in which roots of squash were maintained
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in contact with various concentrations of gamma benzene hexachloride for
periods of 14 to 48 hours are shown in figure 2. The sharply rising index of
growth between 24 and 36 hours in untreated roots reflects the large number
of non-vacuolated cells in proportion to vacuolated cells. High concentra-
tions of BHC abolish this condition. It is apparent from the curve for the
untreated roots that the growth index approaches unity at 48 hours.

Results from an experiment in which squash roots were placed in contact
with gamma benzene hexachloride for 2 to 36 hours and then transferred to
untreated media for recovery in a 48 hour experiment are shown in table III.
These data reveal an interaction of time and concentration. It is also evi-

I.C l

0_ Untreated

0 0 Benzene gamma
Hexachlorlde, 2.3 x ta4M.

O.7 Benzene gamma
Hexachloride, 5.7 x JO4M.

0.1

04

03

0.t-

l
1 2 24 36 48

Time of Sampling From Start of Experiment (Hours)

FIG. 2. Time course of the growth index for untreated and treated roots of Cucur-
bita pepo seedlings.

dent that the growth index decreases rather uniformly with increasing time
of contact with the exception of the contact periods of 14 hours at the
higher dosages.

Among the 22 compounds studied, D-glucose was the most effective
antagonist of both the gamma and delta isomers of benzene hexachloride as
shown in table IV. The lengths of untreated roots, however, exceeded those
of the roots grown in glucose and BHC. Glucose gave no protection against
a BHC concentration of 5.7 x 10-4 M. Dinitrophenol at 10-4 M with a con-
centration of BHC producing a C-tumor, 5.7 x 10-4 M, abolished the reac-
tion (s) responsible for the production of the tumor, but the over-all growth
was suppressed. The inhibitory effect of the combination of BHC with
DNP was the same as if either compound had been used singly.
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TABLE III
CELL NUMBERS, IOOT LENGTHS, AND GROWTH INDEX, AS AFFECTED BY

VARIOTIS CONTACT INTERVALS AND CONCENTRATIONS
OF GAMMA BENZENE IEXACHLORIDE.

Mean non-
BHC Contact Recovery cells per root vacuolated Mean root Growth

dosage time time (x 10) cells per root length index(x101) (X 103)

hrs. hrs. mm.

2.3xl10M 2 46 90 ± 3 42 ± 4 90 ±12 0.88
6 42 81± 9 37± 2 79±11 0.84
14 34 62 ± 22 24 ± 15 64 ± 10 0.63
24 24 82 ± 32 31 ± 16 47 ± 7 0.61
36 12 61 ± 20 22 ± 14 40 ± 10 0.56

3.4x 10-M 2 46 89±14 36±13 83±11 0.68
6 42 88 ± 10 36 ± 16 75 ± 12 0.69
14 34 83 ±20 40 ±16 68± 9 0.93
24 24 82 ± 10 32 ± 2 46 ± 8 0.64
36 12 64 ± 10* 23 ± 12 39 ± 8 0.56

5.7 x 10-M 2 46 76 ±20 33 ± 4 88 ± 18 0.77
6 42 67 ± 1 23 ± 5 79 ± 10 0.52
14 34 73 ± 19 43 ± 11 62 ± 8 1.43
24 24 59 ± 28* 20 ± 16 40 ± 8 0.51
36 12 46 ± 6* 8 ± 2 25 ± 6 0.21

None . 68± 5 33 ± 1 57 ± 10 0.94

*Evidence of C-tumor.

TABLE IV
PROTIECTION EXHB3ITED BY GLUCOSE AGAINST INHIBITORY EFFECTS

OF GAMMA AND DELTA BENZENE HEXACHLORIDE.

Concentration Concentration Mean root Growth Percentage
BHC of glucose length index protection*

mm. %
ganma BHC:

2.8 x 10-M 2.1 x 105M 50 ± 13 0.87 132
2.8x 10-M 2.1 x 10-M 45 ± 9 0.55 54
2.8 x 10-M 4.2 x 104M 52 ± 15 0.79 112
2.8 x 10" M None 44 ± 13 0.33
None 4.0 x 10M 75 ± 10 0.93
None None 73 ± 13 0.74 ...

delta BHC:
2x 10-M 4.3x 106M 37 ± 18 0.42 31
2 x 10-M 4.3 x 10-5M 26 ± 9 0.42 31
2 x 10-4M 4.3 x 10-M 54 ± 15 0.86 88
2 x 104M None 25 ± 12 0.18
None 4.0 x 10-M 73 ± 10 0.90
None None 70 ± 10 0.95

*Growth index for BHC and Glucose Combination -Growth index for BLIC
x 100.

Growth index for Untreated - Index for BHC
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FIG. 3. Time course of the release of inorganic phosphate in untreated and treated
roots of Cucurbita pepo seedlings.
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Analyses for inorganic and labile phosphate in trichloroacetic acid
extracts of squash roots grown in contact with DNP and BHC for varying
periods of time are shown in figures 3 and 4. Analyses of untreated roots
for the same tiune periods are also shown. Presence of DNP causes an
accelerated release of inorganic P between 24 and 36 hours. A parallel re-
lease of inorganic P is caused by BHC. The amount of labile phosphate
in the roots treated with DNP for 14 hours was much less than the amount
in the untreated roots. During further treatment the labile phosphate in-
creased and at 36 hours was equal in amount to that in the untreated roots.
On the other hand, treatment with BHC caused a sharp decrease in the
amount of labile phosphate and at 36 hours there was little or no labile phos-
phate present. These results are in agreement with what would be predicted
for the effect of stimulants in the concept advanced by McELROY (33).

Discussion

The cell counting technique adapted from BROWN and RICKLESS (7) is
useful in judging the inhibitory effects of both water-soluble and water-
insoluble compounds on growth. The striking effects of DNP, arsenate,
arsenite, and iodoacetate on the growth of squash roots shown in table I
reveal the dependence of the processes of cell division and differentiation
upon enzyme systems concerned in the mobilization of energy (13). Both
DNP and arsenate are considered as stimulants whose action ultimately may
abolish the Pasteur effect (33). The inhibitory effect of sodium arsenite
and iodoacetate reveals the presence in squash roots of sensitive enzyme
systems containing sulfhydryl groups. It is not clear, however, whether the
-SH groups which arsenite specifically reduces are part of the proteins in
the mitotic spindle, or whether these groups are parts of the enzyme systems
concerned in mobilization of energy for the mitotic process (13). DuSTIN
(16) believes that cell division is dependent upon a concentration of -SH
groups in the cell which must be maintained within narrow limits. NICKER-
SON and VANRIJ (35) suggest that two groups of chemicals can poison the
mitotic process. One group includes the water-soluble chemlicals which are
specific for sulfhydryl groups and directly affect cell division. The second
group is the water-insoluble narcotics which affect the formation of new,
discontinuous phase boundaries at the end of cell division.

Rather specific effects of isomers of benzene hexachloride on root growth
are suggested by the data in figure 1, by virtue of the narrow range of con-
centrations over which they act. The nature of these effects cannot be pre-
dicted on the basis of the experiments carried out here. It is suggested,
however, that the presence of benzene hexachloride molecules in phase
boundaries of the protoplast may initially disorganize the lipid component
and cause the disorganization of the chain of respiratory processes (2, 35).
The results in table II reveal a variation between species in the growth
response to somiie of the BHC isomers. In squash roots the alpha isomer
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lowers the number of non-vacuolated cells and causes C-tumor formation,
but in safflower roots neither response was observed. The assumption that
lipid soluble compounds denature proteins by changing the organization of
lipid residues in the polypeptide chains making up the proteins allows for
variation among species (13, 37). Within a given species, a difference in
the spatial configuration of the molecule is associated with a difference in
response. The molecular shape of a given isomer may determine the amount
of the compound which can penetrate the root (1, 33). Reactions may
occur at the surface of the cell, however, which obviate the necessity of
penetration (24, 35, 44).

Data in table III indicate that development of the C-tumor in the high-
est concentration of BHC is accompanied by a large decrease in the total
number of cells and the number of non-vacuolated cells. This observation is
at variance with the observations of LEVAN and OSTERGREN (30) who found
that in the tumor induced by colchicine the total number of cells remains
unchanged. Possibly the BHC tumor is structurally unlike that induced by
colchicine. The increase in the growth index at 14 hours for the highest
concentration of BHC in table III is in sharp contrast to the rather low
index for the treatment with 2.3 x 10-4 M BHC. This condition arises from
the increased number of non-vacuolated or meristematic cells at 14 hours
induced by 5.7 x 10-4 M BHC. BLUMENTHAL (6) has reported an increase
in mitotic activity in some tissues during phases of an imposed starvation
period.

The C-tumor appears 12 hours earlier in the treatment with 5.7 x 10-4 M
BHC than in the 3.4 x 10-4 M treatment. This situation seems analogous
to that reported by NORTHEN for colchicine (36), in which the concentra-
tion and time of contact were of importance in causing the dissociation of
labile spindle proteins. In general, the data in table III indicate irreversi-
ble effects of BHC at all concentrations after 14 hours of contact.

The effect of glucose at 4 x 10-4 M in protecting against growth inhibit-
ing concentrations of the gamma and delta isomers of BHC, table IV, is
essentially a delaying action similar to that reported by CORNMAN for
colchicine (11) and D'AMATO for gamma benzene hexachloride (12). It is
suggested that glucose may act for a time principally as a phosphate accep-
tor coincident with the stimulated fermentative reactions induced by the
BHC (4, 20). High concentrations of BHC may quickly disorganize the
system through which the glucose protection operates (33).

The effect of DNP at 10-4 M in subduing the C-tumor reaction induced
by BHC at 5 x 10-4 M is a type of antagonism frequently reported (5, 16).
SANTARATO (39) found that streptomycin in association with sulphapyridine
in molar ratio of 1 :2 decreased both the respiration and glycolysis of the
system with which he worked. Further study is required to establish
whether the association of DNP with BHC alters the course of tumor for-
mation by some modification of respiration and fermentation.

A close relationship in point of time is noted between the altered phos-
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phate metabolism in the roots shown in figure 4, and the lowered growth
index in figure 2 for the treatment with BHC at 5.7 x 10-4 MI. The acceler-
ated release of inorganic P and the decrease in labile P occurred after 14
hours. Similarly, the irreversible effect of BHC as measured by the growth
index in the transfer experiments and the altered phosphate metabolism
after 14 hours are believed to be causally related. These results support
the belief that BHC affects cellular function by inhibition of enzyme sys-
tems involved principally in reactions of synthesis. At the same time, the
similarity between the effect of DNP and BHC in causing an accelerated
release of inorganic P suggests initial activation of hydrolytic enzymiies
(33). The low values for labile P, though not a measure of ATP per se, are
suggestive of accelerated hydrolysis of labile phosphate esters in the roots
after treatment with DNP or BHC. MIcELROY (33) cites numerous exam-
ples in which inhibitors of cell division may cause the rapid breakdown, or
prevent the formation, of certain energy-rich phosplhate esters.

Summary

The effect of four purified isomers of benzene hexachloride and 22 addi-
tional compounds on the growth of seedling roots was determined by tlle
use of a cell counting technique. The delta isomer is equal to or greater
in phytotoxicity than the gamma isomer. The alpha isomer in high concen-
tration inhibits growth and causes formation of a C-tumor in squash roots,
but has neither effect on safflower roots. The implication of these data is
discussed.

The inhibition of growth of squash roots by low concentrations of ben-
zene hexachloride, sodium arsenate, DNP and iodoacetate is causally
related to the inhibition of the number of non-vacuolated or meristematic
cells between 24 and 48 hours.

Irreversible effects of the gamma isomer on root growth after 14 hours
contact are indicated by data from transfer experiments.
A relationship in point of time was noted between growth inhibition and

the phosphate metabolism in squash roots induced by high concentrations
of gamma benzene hexachloride. This finding is discussed.

Among 22 compounds studied for their protective effects against concen-
trations of gamma and delta benzene hexachloride inhibiting growth, D-glu-
cose was the most effective. In addition, 2,4-dinitrophenol antagonized the
C-tumor reaction induced by gamma benzene hexachloride.

The alpha, beta, and gamma isomers of BHC were purified by the
Department of Chemistry, University of Maryland, from crude materials
furnished by the Penn Salt Company. The purified delta isomer was fur-
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acknowledges the valuable contributions of all cooperating individuals.

The writer thanks Dr. H. G. Gauch and Dr. W. 1\1. Dugger, Botany
Department, University of Maryland, Dr. MIark Woods and Dr. H. G.



PLANT PHYSIOLOGY

DuBuy, National Institutes of Health, Bethesda, Maryland, for helpful
consultation and stimulation during the course of this work.

U. S. DEPARTMENT OF AGRICULTURE
PLANT INDUSTRY STATION

BELTSVILLE, MARYLAND

LITERATURE CITED

1. ARMSTRONG, G., BRADBURY, F. R., and STANDEN, H. Penetration of the
insect cuticle by isomers of benzene hexachloride. Nature 167:
319. 1951.

2. ALBERT, A. Selective Toxicity. Methuen and Co., London. 1951.
3. BACQ, Z. M., HERVE, A., and FISCHER, P. Cyanide protection against

x-irradiation. Science 111: 356-357. 1950.
4. BALDWIN, E. Dynamic Aspects of Biochemistry. Cambridge Univer-

sity Press, Cambridge. 1949.
5. BAUCH, R. Sulfonamide and colchicine. Pharmazie 4: 1-7. 1949.

Chem. Abstracts 44: 191. 1950.
6. BLUMENTHAL, H. T. The nature of cycle variations in mitotic activity:

The relation of alimentation and nutrition to this phenomenon.
Growth 14: 231-249. 1950.

7. BROWN, R. and RICKLESS, P. A new method for the study of cell divi-
sion and cell extension with some preliminary observations on the
effect of temperature and nutrients. Proc. Roy. Soc. B 136: 110-
125. 1949.

8. CARPENTIER, S. and FROMAGEOT, C. C-mitotic activity of gamma and
delta isomers of hexachlorocyclohexane with observations on the
influence of meso-inositol and of sodium meso-inositol phosphate.
Biochim. Biophys. Acta 5: 290-296. 1950.

9. CHARGAFF, E., STEWART, R. N., and MAGASANIK, B. Inhibition of
mitotic poisoning by meso-inositol. Science 108: 556-558. 1948.

10. COLTER, J. S. and QUASTEL, J. H. Protection of enzymes by anticholine-
oxidases against inactivation by nitrogen mustard. Nature 166:
772-775. 1950.

11. CORNMAN, I. Alleviation of mitotic poisoning by glucose. Jour. Cell.
and Comp. Physiol. 35: 301-302. 1950.

12. D'AMATO, F. Early influence of meso-inositol and sugars on gam-
mexane induced C-mitosis. Caryologia 1: 223-228. 1949. Chem.
Abstracts 43: 9170-9171. 1949.

13. DANIELLI, J. F. Cell Physiology and Pharmacology. Elsevier Pub.
Co., New York. 1950.

14. DOXEY, D. and RHODES, A. The effects of the gamma isomer of ben-
zene hexachloride on plant growth and mitosis. Ann. Bot. (NS)
35: 47-52. 1951.

15. Du BoIS, K., COCHRAN, W., and MAZUR, M. Inhibition of phosphatases
by beryllium and antagonism by manganese. Science 110: 420--
422. 1949.

538



HOPKINS: INHIBITION OF GROWTH BY BENZENE HEXACHLORIDE 539

16. DuSTIN, P., JR. MNlitotic poisoning at metaphase and -SH proteins.
Proc. Sixth Intern. Cong. Exptl. Cytology: 153-155. 1947.

17. FLETCHER, H. G., JR., ANDERSON, L., and LARDY, H. A. The nomencla-
ture of the cyclohexitols and their derivatives. Jour. Organic
Chem. 16: 1238-1246. 1951.

18. FOSTER, A. C. Some plant responses to certain insecticides in the soil.
U. S. Dept. Agr. Circular 862. 1951.

19. FREAR, D. E. H. Chemistry of Insecticides, Fungicides, and Herbicides.
Second Ed. Van Nostrand, New York. 1948.

20. FRIENWALD, J. S. and CROWELL, JANE E. Histochemical studies on
nucleic acid phosphatase. Bull. Johns Hopkins Hosp. 84: 568-582.
1949.

21. FRIESNER, R. C. Daily rhythms of elongation and cell division in cer-
tain roots. Amer. Jour. Bot. 7: 380-408. 1920.

22. FEULLER, R. C., BARRATT, R. W., and TATn-I, E. L. The relationslhip
between hexachlorocyclohexane and inositol in Neurospora. Jour.
Biol. Chem. 186: 823-827. 1950.

23. GEREBTZOFF, M. A., DALLEMAGNE, M. J., and PHILIPPOT, E. Histo-
chemical study of fat deposits in chronic intoxication of the dog by
gamma hexachlorocyclohexane. Nature 165: 572-573. 1950.

24. HEILBRUNN, L. V. An Outline of General Physiology. Second Ed.
W. B. Saunders Co., Philadelphia. 1943.

25. HOPKINS, H. T. and JACKSON, P. C. The effect of chlorinated hydro-
carbon insecticides and related comlpounds on growth of seedling
roots. (In press.)

26. KALCKAR, H. MI. The enzymatic synthesis of purine ribosides. Jour.
Biol. Chem. 167: 477-486. 1947.

27. KIRKWOOD, S. and PHILLIPS, P. H. Anti-inositol effect of gamma ben-
zene hexachloride. Jour. Biol. Chem. 163: 251-254. 1946.

28. KOSTOV, D. Atypical growth, abnormal mitosis, polyploidy and chro-
mosome fragmentation induced by hexachlorocyclohexane. Nature
162: 845-846. 1948.

29. LARDY, H. A. Respiratory Enzymes. Burgess Publishing Co., NMinne-
apolis. 1950.

30. LEVANT, A. and OSTERGREN, G. The mechanism of C-mitotic action.
Hereditas 29: 381-443. 1943.

31. LIMPEROS, G. and MOSHER, W. A. Protection of mice against x-radia-
tion by thiourea. Science 112: 86-87. 1950.

32. MASCRE', Ml. and DEYSSON, G. Action antimnitotique du para-amino-
salicylate de sodium sur les meristemes radiculaires d'Alliumn cepa
(L.). Compt. Rend. 230: 1970-1972. 1950.

33. McELROY, WV. D. The mechanism of inhibition of cellular activity by
narcotics. Quart. Rev. Biol. 22: 25-58. 1947.

34. MONCHE, J. Action of hexachlorocyclohexane and DDT on phospha-
tase activity. Rev. espan. fisiol. 6: 43-48. 1950. Chem. Abstracts
44: 10018. 1950.



PLANT PHYSIOLOGY

35. NICKERSON, W. J. and VAN RIJ, J. W. The effect of sulfhydryl com-
pounds, penicillin, and cobalt on cell division mechanism of yeast.
Biochim. Biophys. Acta 3: 461-475. 1949.

36. NORTHEN, H. T. Alteration in the structural viscosity of protoplasm
by colchicine and their relation to C-mitosis and C-tumor forma-
tion. Amer. Jour. Bot. 37: 705-711. 1950.

37. OSTERGREN, G. Colchicine mitosis, chromosome contraction, narcosis
and protein chain folding. Hereditas 30: 429-467. 1944.

38. POUSSEL, HELENE. Toxic activity of the isomers of hexachlorocyclo-
hexane. Compt. Rend. 228: 1533-1535. 1949.

39. SANTARATO, R. Actions on enzymes of associations of antibiotics and
of sulfa drugs. Ricerca Scie. Riconstruzione. 19: 1332-1337. 1949.
Biol. Abstracts 24: 24229. 1950.

40. SLADE, R. E. Specific poisons. Endeavour 4: 148-153. 1945.
41. SOKOLOFF, B., REDD, J. B., and DUTCHER, R. Vitamin P. Protection

against radiation. Science 112: 112-113. 1950.
42. SUMNER, J. B. and SOMERS, G. F. Chemistry and Methods of Enzymes.

Second Ed. Academic Press, New York. 1947.
43. UMBREIT, W. W., BURRIS, R. H., and STAUFFER, J. F. Manometric

Techniques and Tissue Metabolism. Burgess Publishing' Co.,
Minneapolis. 1949.

44. VELDSTRA, H. Considerations on the interactions of ergons and their
substrates. Biochim. Biophys. Acta 1: 364-378. 1947.

540


