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Charles Clark Eoven

Plant meristems are readily made polyploid by exposure to colchi-
cine. The characteristic pattern of mitosis under the influence of
this drug has been termed "C-mitosis". Meny drugs which do not readily
produce polypleidy, including certain antibiotics, cause cytological
effects which at least superficially resemble those produced by col-
chicine. Such drugs have usually been called "C-mitotic" in the 1lit-
erature. The purpose of this investigation wes to study the cytologi-~
cal effects of three antibiotics--Acti-dione, streptomycin and chloro-
nycetin-—-on a qualitative and quantitative basis, and to compare the
results with similar data obtained from 2 study of the effects of
colchicine,

The root tips of pea seedlings were immersed in known concentra-
tions of these drugs dissolved in a weal baianced mineral salt solu-
tion and material collected for examination at known intervals up to
eight hours. Recovery was checked by rinsing seedlings thoroughly
after eight hours of treatment and leaving them in moist paper toweling
for forty-eight hours.

It was found that the effects of colchicine and Acti~dione differed
in a2lmost every respect. Acti-dione merkedly decreased divisions by
causing preprophase inhibition of divisions, while colchicine caused
2n increase in divisions which appeared in part to be due to a true
stimilation of mitosis.  Acti-dione primarily affected pro-
phases, blocking their transition to metaphases and thus resulting in
an accumulation of highly overcontracted prometaphases. Reversion to
interphase occurred in abundance at all prophase stages. Acti-dione

had little effect on postprophase stages. Colchicine primarily
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affected postprophase stages by specific and complete impairment of
spindle control and showed no effect on prophases. Streptomycin
effects were qualitatively similar to those of Acti-dione,but strepto-
mycin wasg shown to have a very narrow margin between its threshold of
cytological effectiveness and ifs lethal threshold. Chloromycetin
carried this tendency of streptomycin to the extreme, and excent for
rather erratically expressed preprophase inhibition of divisions, its
level of cytologlcal effectiveness was not separable from its necrotic
dosage level.

With the exception of colchicine, the cytological activity of the
drugs tested was antagonized by dissolved mineral salts. This "salt
effect" was very marked with streptomycin and only moderate with Acti-
dione and chloromycetin. Evidence of spindle impairment was not seen
in significant proportions in material treated with the antibiotics
except at dosages high enough to prevent recovery. These and other
facts are used to support the hypothesis that the spindle derangements
caused by the three antibilotics have a very different basis than the
spindle disturbances caused by colchicine. A basis is shown to exist
for the notion that spindle disturbance caused by treatment with Acti-
dione, streptomycin and chloromycetin are actually early stages in
pyknotic degeneration.

The term "akinetic mitosis" is proposed as a substitute for "C-
nitosis™ to describe any mitotic process where spindle control of vost-
prophese chromosomes is impaired. "C-mitosis" would be reserved to
describe the colchicine type of "akinetic" mitoses where such spindle im-
peirment is a) a highly specific reaction, b) accompanied by little or =o

prophase disturbance, and c¢) productive of substantial amounts of polyploidy.
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INTRODUCTION

The importance of the cell as a basic unit of organization
and control in living entities scarcely needs emphasis today.
Accordingly, every scrap of information that can be gained con-
cerning the nature and mechanics of the nucleus represents an
advance in biological knowledge at the most fundamental-level.

The study of chemically induced mitotic aberrations as a
tool in this quest gained its first big impetus with the dis-
covery of the polyploidizing action of colchicine (Blakeslee
and Avery, 1937; Dustin, Havas and Lits, 1937; Nebel and Ruttle,
1938). After the war when security bars were lifted on certain
phases of biologlcal research, it became known that workers on
both sides had succeeded in inducing mutations by chemical means
(Auerbach and Robson, 19463 Oehlkers, 1943). Since that time
literally hundreds of chemicals have been used to treat a wide
variety of living tissues, and results have been checked cyto-
logically as well as genetically. Comparison of results is com-
plicated by the variety of experimental conditions and, in con=
trast to the standardized tests used to detect mutations, cyto—
logical analysis has been largely subjective and non-quantitative.

Despite the problems of comparison and lack of standardi-
zation of terminology, certain general tendencies have been ob-
served and some general conclusions made. Levan in a recent

review (1952) has divided these reactions into three main headings
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and points out that some chemicals may produce one, two or even
all three of these reactions depending on the conditions of treat-
ment. Most of Levan's conclusions were based on the reactions

of Allium root meristems, sprouted in water, to immersion in a
solution of the drug for a definite period of time--the "Allium
cepa test,

The first category is that of "mutagenic! reactions i.e.
reactions where the principle result is that of genetic change.
Levan further divides these into the subheadings ®genetical muta=-
gens" i,e. substances that produce gene mutations and "cytologi-
cal mutagens" which cause genetic changes by producing structural
alterations of the chromosomes. Generally speaking genetical
mitagens also cause chromosome breakage and vice versa, but the
two effects do not appear to be parallel in all chemiecals.

The last two categories are those which primarily produce
cytological effects of one sort or ancther and Levan designates
these as 1) reversible physiological reactions and 2) 1lethal
and toxic reactions., Under the first heading the effects of
colchicine, so called C-mitosis, is the main type of reaction.
This Levan describes as the "reversible inactivation of the
mechanism of movement of the chromosomes". He recognizes C-
tumour formation and excessive chromosome contraction as reac~
tions belonging to this general comﬁlex.

Substances of widely varying chemical constitution have been
classed as C-mitotic agents. In the case of a number of lipoid

soluble substances of the narcotic type, it has been shown that



-3

increased C-mitotic activity is correlated with increased fat
solubility and decreased water solubility. The materials with
the lowest known C-mitotic thresholds are the inorganic salts of
heaﬁy metals, particularly mercury, the activity of which can be
increased even more by alkylation (Levan, 1945). Colchicine is
unique among these compounds in that any change within the colchi-
cine molecule destroys its activity (Steinegger and Levan, 1945).
Levan (1952) suggests that the so called somatic meiosis of
Huskins (1948) consists mainly of deviating C-mitoses due to in=-
complete impairment of the spindle mechanism,

Lethal and toxic reactions form the final category according
to Levan. Effects in this category ranged from reversion of pro—
phases with dissolution of matrix and relaxation of spirals to
pyknosis. Levan describes this process as induction of an M"arti-
ficial interphase®. Substances causing such effects may also
cause C-mitosis, but this will seldom be noted as the toxic thresh-
0olds are close to or below the C-mitotic threshold. D'Amato (1948,
1949) describes a large class of materials he calls "typical cell®
poisons" (as opposed to "C-mitotic poisons®). He describes two
principle types of effects as typical of the cell poisons,

a) "Prophase poisoning" in that prophases are ™unable® to

reach metaphase. These arrested prophases may revert
to the resting condition.

b) "Preprophase inhibition of mitosis™ in that no new

divisions are initiated once treatment has started to

take effect.
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Only occasionally could material with intense reversion be re-
covered and then only normal divisions could be found, no poly-
ploidy or diplo-chromosomes were noted. D'Amato further points
out that the occasional C-mitotic effects produced at some con-
centrations of these "poisons" are the result of a "shock action”
or "massive toxic effect" and do not represent the typical cyto-
logical effect of these drugs.

During the past few years the cytology group at Michigan
State College has screened a large number of compounds for cyto-
logical effects (Wilson, 1950; Wilson and Bowen, 1951; Powell,
1951; Huston, 1952; and others unpublished). These included,
among many other materials, a long list of antibioties and in-
secticides. While much of the work has been on the cuslitative
level, it appears to be definite that, of the long list of drugs
tested, only two--colchicine and cyclochlorohexane (Lindane)--
belong to the group of true "C-mitotic® agents. All other materi-
als fall into one or another of the following categories:

A) Without effect, at least until fantastic concentrations

were attained., An example is penicillin (Wilson, 1950).
B) Caused pyknosis and/or stickiness at a level of con=
centration low enough to mask any other cytological
effects. An example in this category was the anti-
fungal antiblotic, Rimocidin (Huston, 1952).
C) Substantially answered the requirements of a typical
"cell poison" in the D'Amato sense with apparent

failure of prophases to reach metzaphase and
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preprophase inhibition of divisions. Reversion of
prophases and metaphases to interphase commonly but
not invariably accompanied the other symptoms. C-
mitoses were occasionally present. The bulk of ma-
terials tested fell into this class and Acti-dione,

an antifungal antibiotic, may be cited as representa-
tive of this type of compound (Wilson, 1950; Hawthorne
and Wilson, 1952).

During the course of this group's work a number of compounds
with interesting properties have turned up. It was the purpose of
this study to investigate the effects of several of these drugs on
a comparative basis, namely colchicine, Acti-dione, streptomycin,
and chloromycetin. A second purpose was to devise a cytological
test method that would eliminate the principsl problems encountered
in the Allium cepa test i.e. the difficulty of obtaining onion
bulbs that can dbe sprouted at will throughout the year, the fre-
quent variability in division frequency and finally the occasional
appearance of toxicliity symptoms without apparent cause.

Colchicine
The alkaloid colchicine is obtained from the corm of Colchicum

a2utumnale and has the following probable structural formula
{Gartner and Gortner, 1949): ﬁ\
CHs0 ]
H
CH,0 3
3 NH-COCH3

Colchicine (CzoHps04N)
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As previously mentioned,colchicine is the type substance for
the cytological reaction labled "C-mitosis" by Levan (1938). In
the original sense this term was used to describe the reaction as
caused by colchicine, and thus implied a process which, under cor-
rect conditions, will result in polyploidy. Today, however, the
term is used to describe any cytological reaction where postpro-
phase chromosomes are subject to deficiency of spindle control,
even though this may be a symptom of a completely different sort
of cellular disturbance than that caused by colchicine. In this
respect several workers have pointed out that the C-mitosis
caused by the majority of antimitotics is probably a very differ-
ent reaction than that produced by colchicine and a few other true
polyploidizing agents (D'Amato, 1949; Allen, Wilson and Powell,
1950).

Guttman (1952) using Allium made a2 statistical analysis of
the numbers of division figures in each stage of division per ran-
dom field of view as observed under high dry power. Approximately
two hundred cells were included in the average such field. She
combined the data from three different treatments:

a) 200 ppm colchicine for twenty-four hours,

b) 500 ppm colchicine for twenty-four hours,

¢) Saturated solution of acenaphthene for twenty-four hours.
Using a Poisson distribution she reported that colchicine and ace~
naphthene 1} Did not prevent any cells from entering prophase

2) Doubled the mean length of the total division cycle

while quadrupling the mean duration of metaphase
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3) Caused 8.5 % of metaphases to revert to interphase

4) Afforded every cell reverting the same chance as
any other cell of going through a new cycle of
mitotic division.,

In order to demonstrate the nature of such differences, col-
chicine was selected as one of the drugs, the cytological effects
of which were to be studied in this investigation.

Acti-dione

In 1947, Whiffen, Bohones and Emerson reported the presence
of an antifungal antibiotic in media fermented by streptomycin-
producing strains of Streptomyces griseus. Isolated and crystal-

lized by Ford and Leach (1948) it has the following structure:

CHaq
Ha H/
c-C
He—c! =0 0
H\ / F&i g
H, B
b \Hc—c—c \NH
OH c—C

Cycloheximide (Acti-dione)
Acti-dione is the registered trademark of the Upjohn Company
for its brand of this antibiotic. Possessing no marked anti-
bacterial properties it has, however, proved useful in plant
pathology in controlling certain fungus infections (Vaughn et
al, 1949).
The cytology group at Michigan State College has investi-
gated the cytological effects of Acti~dione on Allium root tips

(Wilson, 1950; Hawthorne and Wilson, 1952). Generally speaking
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the effects of this drug seemed quite unlike colchicine, and in
general conformed with those set forth by D!Amato as‘belonging
to his group of "“cell poisons®. No recovery of Allium root tips
was obtained after treatment at dosages and times sufficient to
produce obvious cytological effects.

Because of ‘the reliability of the Acti-dlone reaction, and
the fact that its effects are as striking as colchicine effects,
but apparently of a very different nature, it was selected for

this study.

Streptomycin

Streptomycin, the first antibiotic of clinical importance to
be isolated from an actinomycete was found by Waksman and co-
workers (Schatz, Bugie and Weksman, 1944) in cultures of Strepto=
myces griseus. The structure of streptomycin is as follows

(Pratt and Dufrenoy, 1949):

e Streptidine ~

'#H H/OH NH

Hon AN n cNH
}:m-c’/ \c‘—-&n
HO C C 0=<CH
h\~ H /Hf o-¢
H™ | ! 1 H
OH O  HE-COH HE-N,,
| O tH HoCH rk o
tn, n%ou
\ Streptose H?

2({methyl amino)glucose
Streptomyecin
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An important modification of the drug is dihydrostreptomycin
which is produced by reduction of the carbonyl group of the
streptose moiety to an alcohol. Both streptomycin and dihydro-
streptomycin are bases and are used clinicelly, as well as in
this study, as the sulfates, Considerably lower toxicity has
been shown for the reduced form than for streptomycin in clinical
use, with no change in antibiotic activity reported (Waksman, 1949),

A phenomenon of interest is that the presence of certain
anions and cations slter the effectiveness of streptomycin, This
has been czlled "salt effect™ (Pratt and Dufrenoy, 1949). There
have been conflicting reports in the literature, but generally
nitrate, chloride, lactate, phosphate, tartrate, citrate and
sulfate among the anions; and bivalent magnesium, calcium and
barium among the cations have been found to cause the greatest
interference with antibacterial activity.

Streptomycin has several special properties of interest to
the geneticist. Provasoli, ﬁutner and Pintner (1952) have re-
viewed the work that has been done on the induction of permanent
chlorosis in seed plants and some algal flagellates by strepto-
mycin. To date determinations as to whether or not such plastid
mutations may be inherited has been held up by the numerous techni-
cal problems involwved.

A second property worthy of mention is the use of streptomycin
dependent strains of bacteria (developed by long exposure to low con-
centrations of the drug) in genetic studies. The loss of dependence

upon streptomycin is easily determined quantitatively in such a
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culture after exposure to chemical or physical mutagens (Bertani,l950).

The cytological effects of streptomycin in Allium have been in-
vestigated by several workers (Wilson, 1950; Wilscn and Bowen, 1951).
I n general these effects have included overcontraction and some
spindle impairment accompanied by reversion of later stages to the
energic condition. Pyknosis is reported to be present in verying
degrees at dosages only slightly over those necessary to produce
cytological effects. No reporis have been made of recovery after
dosage at levels cytologically effective. These observations were
confirmed in Tradescantia and chromosome fragmentation in that
species by streptomycin was reported by Tanska and Sato (1952).
Chloromyceti

The isolation of chloromycetin from Sireptomyces wenezuelae
(Erlich et al, 1947) gave man = most useful antibiotlc despite
some recent adverse publicity concerning several fatal cases of
aplastic anemia following extended treatment with the drug. 1Its

structural formula is as follows:

0 g_4
A\ - H o H
:N—c/ >C—-c|~ —CH
O/ S -c/ Ho H oK
H B 1

?::C)

A
cp & |

Chloromycetin (Chloroamphenicol) C131H;oC1lNo0s
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Chloromycetin was suvbjected to the Allium test in our
laboratory (Wilson and Bowen, 1951) and was found to cause almost
complete cessation of divisions at concentrations of 1000 ppm.

The occasional figures seen after twelve hours of treatment were
strongly affected, overcontraction and C-mitosis both being
present. Root tips after such treatment were recovered and no
abnormalities noted. Because of the marked suppression of mitosis
and ease of recovery shown by chloromycetin in these preliminary

Allium runs, it was selected for testing in this investigation,
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MATERIALS AND METHODS

A. Experimental Procedure

The root tips of young seedlings of Pisum sativum var.

Alagka provided the meristematic material for these studies.
Furnished through the courtesy of Ferry-Morse Seed Company, the
seeds were reported to be fresh stock from a disease-free strain
of relative genetic uniformity. They had not been subjected to
any form of antifungal treatment.

Seeds were germinated in moist paper toweling and 72 hours
after gtarting produced a root approximately three to four centi-
meters long. Germination and all subsequent operations were
carried out at room temperature (about 24° C). At this time the
seedlings were removed from the paper, and their roots were sub-
mersed in a mineral salt solution. This was accomplished by
stretching wide mesh cheesecloth over the tops of one liter
beakers filled to within one centimeter of the brim with the solu~
tion. The roots were inserted into the solution through the mesh
of the cheesecloth, and the plumule, seed coat and cotyledons were
thus suspended out of contact with the solution.

The mineral salt solution used was half-strength of 2 modi-
fied Hoagland solution as developed by Huskins and Steinitz (1948)
with minor elements omitted and pH adjusted to 5.6. The compo-
sition of one liter of full strength solution was as follows:

.095 gm. Ca(NO3)o* 4Ep0 134 gm. KHoPOy
.129 gm. NHQNOB . 007 gm. EKoHPOy*3H20
.180 &nm. MgS0y+ 7H20
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Constant zeration and agitation was obtained by bubbling air
at a rate of approximately 10 cc/minute through cepillary openings
in the ends of glass tubes inserted into the solution through the
cheesecloth. The air was obtained from the laboratory service
outlets but was first rendered free of dust and oil particles by
being passed through a filter consisting essentially of one liter
of eighty mesh charcozal.

By use of this technique it was a relatively simple procedure
to obtain any desired ocvantity of vigorously growing seedlings
with roots well acclimated to an aqueous environment. After
twelve hours in half strength Hoagland solution, cytological exami-
nation demonstrated that root tips rether uniformly possessed a
high rate of meristematic activity with only rare abnormalities
of division and relatively constant proportions of cells in the
several staces of mitosis (Column A, Table I}. This procedure
was uniformly carried out to this point, and such root tips will
henceforth be referred to as "zero hour controls®,

Subsequent treatment varied with the chemical to be tested,
but in all cases the seedlings were removed after twelve hours from
the large beakers, the root tips rinsed in several changes of dis-
tilled water and then inserted through cheesecloth stretched over
250 ml beakers which were filled with a solution of the drug the
cytological effects of which were to be tested. Aeration and
agitation were maintained during treatment by bubbling air as

before. Zero hour controls were always collected and fixed at

this time,
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Up to forty root tips could be treated in one vessel at one
time arnd each collection included a minimum of four root tips
from one vessel, TFixation was for at least thirty minutes in a
three to one absolute alcohol = zcetic acid mixture. Hydrolysis
in one normel hydrochloric acid for twelve minutes at 60° C was
followed by staining by means of the Feulgen reaction. Squash
preparations were then dehydrated overnight in 95% ethanol con~
taining a small amount of fast geen as a counterstain, and made
permanent with Diaphane,

Control runs were carried out simultaneously with the
testing of a particular drug. The control vessels contained only
the particular concentration of Hoagland solution or distilled
water being used as the solvent in the run in question.

Collections were made at intervals up to eight hours, and
at the end of that time a minimum of six seedlings were rinsed
in several changes of distilled water and placed in moist paper
toweling in order to check recovery from the effects of the drug.
These seedlings were inspected. visually for gross changes and the
root tips collected and fixed for subsequent cytological examino-
tion forty-eight hours after removal from the treatment vessel.
B. Drueg

Six different drug preparations were checked for cytological
activity. Acti-dione (Control No, 247B-JHF-5), dihydrostrepto-
myein sulfate (Control No. TU520), and streptomycin sulfate (Con-
trol No. 113-JA-12) were manufactured by the Upjohn Company and

furnished through the courtesy of that company's research division.
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Similarly, preparations of synthetic chloromycetin (Control

No. 164562) and fermentation chloromycetin (Control No. 168220)
were furnished through the courtesy of Parke-Davis Company research
division. The colchicine used was a preparation of the Mallinkrodt
Chemical Works.

Stock solutions of relatively high concentration of each of
the drugs were made up and stored under refrigeration until use.
All concentrations were expressed in parts per million as a con-
venient measure of concentration.

The problem of solvent for the drugs was investigated at some
length in a series of preliminary experiments. It was found that
a significant drop in freguency of divisions over zero hour controls
occurred in root tips exposed to distilled water for eight hours
(Column C in Table I). On the other hand, Gelinsky (1948, 1949)
reported cytological aberrations caused by very small amounts of
the phosphate ion, which ruled out as suspect the use of full
strength balanced mineral salt solutions. Investigation showed
that eight hour treatment in a quarter-strength Hoagland solution,
identical in composition with that used at halfwstrength in the
preliminary preparation of seedlings, gave no significant decreases
in division frecuency, changeslin relative freguency of stages, or
increases in incidence of abnormalities over initial controls
(Column B in Table I; Text fig. 1}.

In general quarter-strength modified Hoagland solution was
used as solvent, and all cuantitative data were taken from such

runs. PEach drug was also tested utilizing distilled water from
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TABLE I

CYTOLOGICAL ANALYSIS OF CONTROL RUNS

(A) Zero Hour (B) 8 Hours (C) 8 Hours

Control in % Hoag. in Dist. Hp0
Number of root tips 30 6 6
Number of Division
Figures/10,000 cells 493 18 475 4= 50 210 %39
%4 of Total Divisions
in Barly Prophase 31.1 £ 0.7 31.7 & 2.0 37.5 +-1.6
% of Total Divisions
in Midprophase 29.4 & 0.7 29.3 #£2.7 20.3 £1.1
4 of Total Divisions
in Prometaphase 5.9 &+ 0.4 6.4 £ 0.6 8.7 =1.3
4 of Total Divisions
in Metaphase 16.3 £ 0.7 16.1 X2.1 19.7 £1.0
% of Total Divisions
in Postmetaphase 17.3 X0.7 16.6 0.9 13.8 £1.2

4 of Divisions
Abnormal 1.2 0.2 1.3 X o.b 4,0 £0.6
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an ordinary latoratory metal still as solvent in order to determine
if effective dosage thresholds varied from those found using quarter-
strength Hoagland solution. In the case of streptomycin, where a
wide discrepancy was found to exist, a run was made with half-strength
Hoagland to further explore this discrepancy.

Runs were planned with the goal of testing each drug over a
range of concentrations wide enough that, after eight hours of treat-
ment, the effects would range from complete necrosis at one extreme
to insignificant deviation from eight hour control slides at the
other extreme. This proved impractical in several cases. The
lethal threshold of colchicine was never ascertained, as it was
decided that the information to be gained was not worth the ex-
penditure of relétively large quantities of this expensive drug.

In the case of Acti-dione the precise lower limit of cytological
effectiveness was not determined, BRuns made at concentrations as
low as 0.2 ppm showed well defined reactions. A further problem
was encountered with the latter drug in that, even at the lowest
dosages tested, its action in reducing frecuency of divisions was

so effective that by eight hours cytological analysis was exiremely
difficult due to the scarcity of division figures., Tor this

reason the effects of different concentrations of Acti-dione were
studied after four hours of treatment rather than after eight hours,

After the effects of varying the concentration of a drug had
been studied, runs were made %o investigate changes occurring with
time when a typically effective dose of the drug was applied. For

this purpose a dose was selected which exhibited a high degree of



-19=

cytological effectiveness, but which was below the level of com=
plete lethality after eight hours of treatment. In such runs
collections were made at the end of 1, 2, 3, 4, 6, and 8 hours
of treatment.

C. Cytological Examination

All examination of slides was done with a 90X o0il immersion
objective and 12.5X oculars. Critical illumination of the slide
was provided by a ribbon filament lamp with a type B green filter
between the lamp and the microscope mirror.

Where only . qualitative information concerning effects was de—-
sired several widely separate strips of the slide were carefully
examined by tracking across thelentire slide using the horizontal
adjustment of the mechanical stage only. Careful notes were taken
on apparent frequency of division figures, types and prevalence of
abnormalities and finally evidences of necrotic changes in both
division figures and resting nuclei.

Where quantitative data were desired, this procedure was rigidly
standardized. The slide was examined systematically in horizontal
strips as before, but extra care was used to insure that an unbiased
sample was examined, despite the fact that with good slide prepa-
ration one can expect a relatively random distribution of the dif-
ferent portions of the root tip over the entire slide. Never less
than three complete tracks across the slide were examined, dis-
tributed approximately one quarter, one half, and three quarters

of the way down the 22 x 22 mm cover glass.
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This examination consisted of keeping accurate count of all
division figures seen. Division figures were scored by first
deciding to which of the five general stages of mitosis they
corresponded. These were somewhat arbitrarily defined as prophase,
midprophase, prometaphase, metaphase and postmetaphase. Following
this decision, it was then determined whether or not the figure in
question was normal, If abnormal, a further decision had to be
made as to which of several predetermined types of abnormalities
the figure corresponded. This procedure was continued until a
minimum of one hundred division figures had been examined per
slide, except in the case of 6 and 8 hour Acti-dione slides, where
fifty and thirty-three figures respectively were examined as a
ninimum due to the extreme scarcity of divisions.

At the same time as the examination of division figures was
being carried out, a count was kept of resting nuclei until ap-
proximately 1500 had been counted. At this time the ratio of divi-
sion figures to total cells examined was calculated. A count of
all abnormslities seen in the resting nuclei such as micronuclei,
unusually shaped or obviously polyploid cells was also kept.

Data taken in these studies are summarized in Appendix Tables
I to VII 2nd form the basis for all quantitative analysis of the
cytological effects.

D. Scope of Investigation

The effects of colchicine, Acti-dione and streptomycin sul-

fate were studiéd guantitatively on both a concentration and a

time basis. The several runs with dihydrostreptomycin sulfate



bore so striking a resemblance to the streptomycin sulfate runs
that only qualitative studies were carried out. Results with both
synthetic and fermentation chloromycetin, while interesting,
proved, as will be subseouently discussed, impractical to score

on the basis used with the other drugs and only qualitative data

were obtained,



-20-
OBSERVATIONS

The first portion of the following observations
consists of a comparative study of the gquantitative data
obtained from colchicine, streptomycin sulfate and Acti-
dione treatments. TFollowing this the gualitative in-
formation obtained from the chloromycetin and dihydro-—
streptomycin treatments will be presented separately.
A. TFreouency of Divisions
Colchicine

Colchicine dosages of 30 ppm and above for eight hours caused
significant increases in frequency of division figures over zero
hour controls, and it is likely that this effect occurred at dosages
as low as 15 ppm (Text figs. 2A, 3A). The effect of increasing
dosage on increase in division figures appeared to be a geometric
one within the range of 10 ppm to at least 50 ppm, the datz in-
dicating that doubling the dose increased divisions by a relatively
constant amount (roughly 120 divisions per 10,000 cells),

By three hours a dose of 50 ppm resulted in a significant in-
crease of division figures (Text figs. 5A, 6A). While the bulk
of this increase is accounted for by an increase in the number of
metaphases, there is good reason to suspect that all steges share
in the increase. 1In this respect it was found that prophases in
some eighteen slides representing treatment with 50 ppm for three
to eight hours showed an increase in frequency significant at the

three per cent level over zero hour controls (Table II).
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TABLE II

FREQUENCY OF DIVISIONS IN CbLCHICINE TREATED

ROOT TIPS COMPARED WITH CONTROLS

Divisions in Divisions Later
No. of Prophase per than Prophase
Slides 10,000 Cells per 10,000 Cells
Zero Hour
Controls 30 331.5 13.4 161.5 7.5
50 ppm
Colchicine 18 5o7.5 3.1 3384 19.3(2)
3 to 8 hrs,

(1) Difference from controls probably significant

(2) Difference from controls highly significant

Acti-dione

Acti-dione, in contrast to colchicine resulted in very sig-
nificant decreagses in division fregquency by four hours at all
concentrations tested (Text figs. 2B, 3B). Maximum effectiveness
at four hours was exhibited by concentrations of 1 and 4 ppm. It
further éppears that 16 ppm was significantly less effective in
this respect than all lower concentrations tested.

By one hour a dosage of 6 ppm resulted in a striking decrease
in freaquency and by six hours the number of division figures per
slide dropped to such a low value that cytological analysis became
difficult (Text figs. 5B, 6B).

Streptomycin

Streptomycin sulfate in general effected a reduction in number
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of divislions, but not nearly as severelyas did Acti-dione. Con-
centrations of 100 ppm and above showed significant decreases by
eight hours (Text figs. 20, 3C). It was not until six hours of
treatment with 75 ppm that a significant decreadse was observed
(Text figs. 5C, 6C).

B. (Classification of Aberrations

Prophase

Generally speaking, prophase figures in colchicine treated
material showed no more déviations from a normal appearance than
did control material. Prophases in Acti-dione material on the
other hand showed very marked deviations from normal; in fact, at
moderate dosages the bulk of Acti-dione aberrations occurred in
this stage. Streptomycin effects in prophase in general resembled
those produced by Acti-dione, but as a rule did not approach the
same intensity of expression or high frequency.

Prophase aberrations observed in these treatments can be
placed in three general categories. The most striking abnormality
is overcontraction. Typically chromosomes in such a cell are ori-
ented to form a hollow sphere as if contained in an intact nuclear
membrane in normal midprophase arrangement. In the type of over-
contraction designated as "ball prometaphase" (Plate IV, Figs. 7, 8),
chromosomes are contracted to normal prometaphase or metaphase
length and in the type designated as "overcontracted prometaphase'
(Plate 1V, Pigs. 9, 10) chromosomes are definitely shorter than
those of a normal metaphase. Such figures show no evidence of the

disappearance of nuclear membrane and the clumping of chromosomes
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in the center of the cell characteristic of the normal prometa-
vhase (Plate I, Figs. 7, 8, 9).

In control and colchicine affected material, such overcon-
traction was noted but rarely and then only in the mildest degree.
but both types were abundsnt in Acti~dione treatments. Ball pro-
metaphases were moderately frequent in streptomycin affected
slidesybut contraction apparently rarely proceeded to the point of
producing significant numbers of overcontracted prometaphases.

The second important category of prophase abnormality will be
designated as "reverting prophase" (Plate IV, Figs. 4, 5, 11, 12).
While by definition overcontracted prophases of either type can
only occur in prometaphase, reversion appears to occur at any time
from early prophase to prometaphase. Typically, chromosomes in
such figures, while retaining good prophase orientation, become
diffuse and tend to lose precise outline, Relaxipg of coiling
occurs and relationally coiled double chromonemata frequently be-
come clearly visible. When severe reversion occurs, it is seen in
2 complete series of expression from near normel prophases to cells
which have what appear to be resting nuclei with just a suggestion
of prophase chromosome arrangement (Plate IV, Fig. 6).

Reverting prophases were seldom encountered in control and
colchicine material, but were moderately frequent in streptomycin
slides and, except for overcontracted prophases, were the most
frequent aberration found in Acti-dione affected cells.

The final prophase anomaly of significance is designated as

"pyknosis". Pyknotic prophases (Plate VI, Figs. 11, 12) assume a
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variety of forms, some of which when mildly expressed, are diffi-
cult to separate from reversion prophases. In general, the picture
1s one of nuclear disintegration and chromosomal deformation,
stickiness, melting or fusing. Often coiling becomes clearly visi-
ble (Plate VI, Pig. 11). Pyknosis in prophase is invariably ac-
éompanied by similar phenomena in all other stages as well as in
adjacent resting nuclel.

At the dosemges used for the runs from which quantitative data
were drawn pyknosis in prophase was almost non-existent except for
streptomycin treatments where it was moderately frequént at the
highest dosages.

etaphase

In contrast to its effect on prophase Acti-dione produced
relatively few metzphase figures of extreme abnormality. On the
other hand, metaphases affected by colchicine bore 1little or no
resemblance to control metaphases. Streptomycin, like Acti-dione,
produced s much lower proportion of aberrant metaphases than did
colchicine.

Aberrant metaphase figures seen in these studies fall into
three general categories. The first are designated "overcontracted
metaphases" (Plate IV, Figs. 13, 14). 1In such figures the chromo-
somes have normal orientation on an equstorial plate, but are
markedly overcontracted in comparison to normal metaphase chromo-
somes (Plate I, Figs. 10, 11).

The second and most striking sort of abnormal metaphase is

designated as Yakinetic metaphase". In such figures chromosome



-27=

length may be the seme or shorter than that of normal metaphase
chromosomes. No arrangement on an ecuatorial plate has taken
prlace despite the fact that chromatid arms show some separation
with only the kinetochore holding the chromatids together. Actual
location of the chromosomes in the cell may vary from scattered
(Plate V, Fig. 2) to clumped (Plate II, Figs. 6, 7, 8).

The final category of metaphases falls under the heading of
pkynosis. "Pyknotic metaphases™ like pyknotic prophases are rarely
seen except in company with pyknotic resting nuclei and other
stages. These figures represent nuclear dissclution and degeneration
and the picture is one of fusing, amorphous chromosomes usually
clumped in a highly alveolar mass (Plate VII, Fig. 6).

Generally speaking, metaphases strongly affected by colchi-
cine were close to 100% akinetic with the other anomalies appearing
rarely if at all. Streptomycin affected tissue showed occasional
akinetic metaphases and occasional overcontraction. Acti-dione af-
fected metaphases were rarely zkinetic but overcontraction was
common. Pyknosis was rarely caused by any of the drugs at the con-
centrations used for the quantitative runs except occasional pyk-
notic metaphases in the streptomycin tested material.

Postmetanhase

As with metaphases, the great majority of postmetaphases in
colchicine affected material were very different in appearance from
those in controls. Acti-dione and streptomycin treated materizal
presented fewer and far less striking aberrations at this stage

than were produced by colchicine treatments.
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At this stage aberrations were divided into four more or less
distinct groups. On ocecasion the first two groups will be referred
to as a single broad class--"akinetic postmetaphoses”. In unipolar
figures the entire 4N complement of chromosomes forms a single more
or less clumped group rather centrally located in the cell. In such
cells chromosomes range from nearly normal in length to considerably
overcontracted (Plate II, Fige. 11, 12, 15, 16). It wes often diffi-
cult on analysis to distinguish such a cell from a clumped gkinetic
metaphase,

The second class, designated "disorganized postmetaphases™®,
includes all deviations from normal anaphase or telophase separa-
tlon and grouping except those figures which can be strictly
classified as unipolar, Thus unequal or multipolar groupings,
bridges, lagging chromosomes and random scattering fall into this
class (Plate II, Figs. 9, 10, 13, 14).

The third class Movercontracted postmetaphases™ includes those
figures in which chromosomes have separated intec two equal well ori-
ented groups, but where chromosomes are strongly overcontracted com~
pared to normal postmetaphase chromosomes (Plate IV, Figs. 15, 16).

The final category, almost non-existent at the dosages em-
ployed for the guantitative studies, is that of "pyknotic postmeta-
phases%. Such postmetaphases, like pyknotic figures in prophase
and metaphase, consigt of a variety of deteriorating necrotic forms.
(Plate V, Figs. 15, 16).

In general colchicine treztment resulted in an sbundance of

unipolar and to a less extent disorganized postmetaphases. On the
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other hand, overcontracted postmetapheses with their normal grouping
and orientation of chromosomes were never found in colchicine af-
fected material, bdut formed the principle aberration in Acti-dione
treated material, Except at the highest concentrations, unipolar
and discrganized postmetaphases resulted only infrequently from
Acti~dione tresatment. Streptomycin showed only infrequent abnor-
malities in this stage at the dosages used, overcontracted, uni-
polar and disorganized figures being seen at the longer times and
higher dosages.

Resting Nucled

Deviations of resting nuclei can be separated into two
principle classes. The most interesting of these are those where
the chromatin has become distrihbuted in micronuclei. ZExcept in
recovered material cytokinesis rarely occurs to form microcytes,
Binucleate cells with or without equality in the size of nuclel
and cells with grotesguely shaped, bilobed or multilobed nuclei
were freguently observed after sorme treatments and appear to be-
long to this same category (Plate III, Figs. 1, 2). All the pre-
ceeding types were seen in colchicine treated material, but were
not found after any of the other treatments in any significant
frequency,

The second class of aberrant resting nuclei are designated as
pyknotic. Here the appearance ranges from resting nuclei which are
smaller than any found in controls and are very heavily stained
(Plate V1Y, Tigz. 3), to nuclei in which the chromatic material has

condensed into a vast number of tiny droplets which may be arranged



=30

more or less discontinuously into strands like strings of beads
(Plate VI, Fig. 12). At degrees of necrosis between these extremes
the coiling of the chromonemata is often clearly visible in portions
of the degenerating nuclei.

Pyknosls was not encountered in resting nuclei of colchicine
treated material, and only rarely did Acti-dione cause it at doses
below 16 ppm. It was encountered fairly frecuently in most strepto-
mycin treated material.

Bolyploidy

Except for some obviously polyploid resting nuclei seen
after colchicine treatments, none of the drugs at the end of eight
hours had produced any significent visible evidence of polyploidy.
In recovered material only colchicine treatments produced sig-
nificant amounts of polyploid division (Plate III, Figs. 3, 4, 5, 6).
However, inasmuch as quantitative anslysis was not made of re-
covered material, no classification of the expression of this
phenomenon was attempted.

C. Range of Toxicity

Results of the investigation of the dosage levels required to
produce cytological deviations from normal and to permanently kill
the tissues are summarized in Teble III. Several items of inter-
est were brought out by this phase of the investigation.

Considerably higher doses of all drugs except colchicine were
required to produce the same level of effects when Hoagland solu-
tion instead of distilled water was used as the drug solvent.

This effect was most marked by far in the streptomycin treatments,
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where from forty to eighty times the dosage was required in half-
strength Hoagland solution as in distilled water. Tor Acti-dione
and chloromycetin approximately twice the dosage was required in
quarter-strength Hoagland solution as in distilled water, whereas
for streptomycin approximately fifteen times the dosage was reguired.
The possibility that this effect was due to pH differences was
raled out by the fact that in quarter-strength Hoagland solution

no effects were observed after eighteen hours of treatment with

100 ppm streptomycin even though by eight hours, due to the limited
buffer capacity of the quarter strength Hoagland solution, the pH
had dropped to 5.0, the identical pH found in the 10 ppm strepto-
mycin-~distilled water solution which was extremely toxic by eight
hours.

It is further to be noted that there was no- significant dif-
ferences in effective dosage levels of dihydrostreptomycin com-
pared to streptomycin., Similarly synthetic and fermentation
chloromycetin did not differ from one another significantly in
this respect.

While quantitative cytolozgical examination was not made of
slides scored as recovered, they were examined thoroughly enough
to draw the conclusion that, except for root tips treated with 20
ppm and stronger colchicine solutions, significant numbers of aber-
rations were not present at the end of forty-eight hours of recovery.
Polyploidy in colchicine material by this time was often extreme. 1In
some root tips giant cells that had undergone three and perhaps four

divisions without cytokinesis were not rare (Plate III, Figs. 5, 6).
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D. Chances in Effects with Varistion in Dosage

Eight hours treatment with colchicine at concentrations from
5 to 50 ppm, four hours treatment with Acti-dione at concentrations
from 0.2 to 16.0 ppm and eight hours treatment with streptomycin
sulfate at concentrations from 50 to 200 ppm form the basis of this
phase of the investigation.

Appendix Tables II, III, and IV set forth the consolidated
data obtained from these runs. Text figs. 2A to 2C give the abso=-
lute number of figures for each stage for the several concentra-
tions tested of each drug. Text figs. UA through 4C show the
variation with dosage of the relative proportions of each stage
and the relative proportions of each type of abnormality.
Colchicine (Plates II and III)

It is doubtful that any effects of consequence can be demon-
strated for colchicine at concentratiohs below 15 ppm. Except for
a small number of akinetic metaphases, of perhaps questionable gig-
nificance, at both 5 and 10 ppm total frequency of division, rela-~
tive proportions of the several stages and incidence of aberrations
were not appreciably altered from controls.

At 15 ppm and above several well-marked tendencies can be dig—
cerned., The increase in division frequency from this point on,
for the most part, can be attributed to an increased proportion of
metaphases, but there is also reason to suspect that absolute pro-
phase numbers increased significantly as previously pointed out.

Me taphase and postmetaphase exhibited marked spindle disturbances

which increased with concentration up to 30 ppm at which point



-3l

substantially all metaphases were akinetic and all postmetaphases
were unipolar.

Colchicine doses of 15 and 20 ppm did not affect all meta-
phases and postmetaphases. In addition to both normal and uni-
polar figures at these dosages a sizeable proportion of postmeta-
phases were multipolar. Furthermore, it was noted qualitatively
that many of the akinetic metaphmses were more or less scattered
as well as clumped in arrangement. It is perhaps of interest in
this connection that, of the six concentrations tested, 15 and 20
ppm produced by far the highest frequency of micronuclei.

Except for an increase in total numbers, there was no evi-
dence of significant disturbance of prophases in any way at any
colchicine dosage level.

Acti-dione (Plates IV and V)

The smallest dosage of Acti~dione, 0.2 ppm, tested gave con-
siderable evidence of physiological activity in that it reduced
the number of‘divisions almost by half compared with controls,
Cytologically this concentration apparently caused a small dbut
significant amount of overcontraction. As dosage was increased
several rather definite trends could be observed. ZEarly prophases
decreased in relative proportion to the other stages until they
practically disappeared at L to 8 ppm. The amount of prophase re-
version increased throughout the range of concentrations, Pro-
metaphases showed the most interesting changes at all stages. By
the time a concentration of 1 ppm was reached, they represented

nearly forty per cent of 2ll figures in contrast to their share of
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less than ten per cent in controls. This level was mzintained
throughout the rest of the concentration range. These large
numbers consisted substantially of ball prometaphases with‘sig-
nificant quantities of overcontracted and reverting nuclei.

Metaphase and postmetaphase were apparently much less dis—
turbed than prophase by Acti-dione. The relative frequency of
these figures dropped steadily as dosage was increased to 4 ppm;
above this concentration this value appeared to return to that
of the controls. Overcontraction in these stages became increas-
ingly frequent as dosage increased and little spindle disturbance
could be detected until a dosage of 16 ppm was reached. At this,
the highest dose tested, a significant number of akinetic meta-
phases was found. Also, at this dosage, an increase in the pro-
poTtion and absolute number of metaphases as well as a decrease
in proportion and absolute number of postmetaphases occurred. An
interesting qualitative difference noted in metaphases scored as
"normal" and as "overcontracted" in material treated at 16 ppm
was that the chromosomes in at least half of these, though ori-
ented normally on a plate, showed wide separation of chromatid
arms and were held together only at the kinetochore (Plate V,
Fig. 1). Such a condition was never encountered in control ma-
terial and only occasionally at lower dosages. Metaphases scored
as Makinetic" were for the most part of the scattered type rather
than clumped (Plate V, Fig. 2).

It should be re-emphasized at this point that pea root meri-

stems treated with 4 ppm Acti-dione have been recovered and showed



-36=

no striking abnormalities forty~eight hours after removal from
the drug. Material treated with 16 ppm showed occasional patches
of pyknotic cells at the end of the four hours of treatment and
recovery was not obtained.

Streptomycin (Plate VI)

Except for the increasingly lower frequency of divisions and
the slightly lower ratio that early prophase bore to the rest of
the stages in the 100 and 150 ppm treatments, no significant
effects were noted in the range of dosage from 50 to 150 ppn.

At 175 and 200 ppm the same general pattern occurred as in
the Acti-dione treated material, Early prophases decreased and
prometaphases showed some overcontraction., BReversion occurred
frequently. At the highest dosage, 200 ppm, a marked decrease
in the proportion of postmetaphases was noted. Pyknotic resting
nuclei were noted at both concentrations and were abundant at
200 ppm. Pyknotic metaphases were present in significant pro-
portions by 200 ppm.

With streptomycin the LD5O dosage was found to be about 175
ppm, whereas no recovery was obtained after treatment for eight
hours with 200 ppm. It should be pointed out that with Acti-dione
there was a2 very wide range of concentrations causing marked
cytological effects below lethal dosage levels and that this
situation was not found to exist in the case of streptomycin,
General Summary

Text figs. 3A, 3B and 3C summarizevin a general way the

differences between colchicine, Acti-dione and streptomycin with
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respect to the effect of changes in dosage concentrations on

(a) the frequency of division figures,

(b) the proportion of abnormalities'in total prophase and

(c¢) the proportion of abnormalities in total postprophase.

To supplement these graphs, it may be said that colchicine
increased the nunber of divisions, principally but not entirely by
increasing proportion of metaphases, affected prophases little if
any, and modified metaphases and postmetaphases strikingly in that
spindle control of chromosome arrangement was removed.

Acti~dione, at doses below the lethal level, decreased number
of divisions and affected metaphases and postmetaphases only in
that a degree of overcontraction could be noted. Prophase was
rather severely modified in that early prophases disappeared, the
proportion of prometaphases increased tremendously, reversion was
frequent and both ball and overcontracted prometasphases appeared
in quantity. Acti-dlone could effect its typical cytological
changes over a very wide range of concentrations below the lethal
dosage level.

Streptomycin caused all of the same effects as Acti-dione,
but expression was weaker. TUnlike Acti-dione little margin existed
hetween the minimum dosage effective cytologically and the lethal
dosage. Pyknotic effects were often noted particularly in resting

nuclei at all dosages causing cytological effects.
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E. Changeg in Effects with Durantion of Treatment

Colchicine at 50 ppm, Acti-dione at 6 ppm and streptomycin
sulfate at 175 ppm were used in this phase of the investigation in
treatments ranging in length from one to eight hours.

Appendix Tables V, VI and VII set forth the consolidated data
obtained from these runs. Text figs. 5A to 5C give the absolute
number of figures for each stage at the several times for each
drug. Text figs. 7A to 7B show the variation with time of the
relative proportions of each stage and of the relative proportions
of each type of abnormaiity on a comparative basis for each drug.
Text figs. 8A to 8E show the change with time of the relative pro=-
portions of each stage for each treatment compared with the 95 per
cent confidence limits of the veriation of each stage in control
material.

Colchicine (Plate iI, III)

After one hour treatment with 50 ppm colchicine a large
proportion of the metaphases were seen to be akinetic and more
than one-third of postmetaphases exhibited a degree of spindle
disturbance as evidenced by multipolar anaphases, unequal groupings,
laggards and general disorganization. By two hours the propor-
tion of metaphases had increased substantially at the expense of
the other stages, however, no general increase in division fre-
quency was noted. Substantially 211 of the metaphases were akinetic
and two-thirds of the postmetaphases were unipolar, the balance
being more or less disorganized. At the end of four hours total

division figures had increased almost fifty per cent and the
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proportion of metaphases was double that in controls, accounting
for most but probably not all of the increase in number of divisions.
All metaphases were akinetic, mostly of the clumped type; whereas
all postmetaphases were seen to be unipolar. At this point an equi-
librium was apparently established and an additional four hours
treatment brought about little change in the overali‘picture.' Mo
significant numbers of abnormalities or important shifts in relative
proportions were observed in the prophase stages at any time during
this treatment except for a moderate overall drop in proportions

as metaphase increased its relative share of division figures.
Acti-dione (Plate IV)

The effect of 6 ppm of Acti-dione was immediate and drastic.
Total division freguency dropped to less than two~thirds of control
values by one hour, this drop continuing steadily with time until
by eight hours there were about one-~tenth as many divisions as in
controls. Early prophases dropped similarly until by four hours
211 normal early prophases had disappeared. Ball prometaphases
were much in evidence after one hour, and by two hours prometa-
vhases had started to increase in proportion to all other stages
which continued until, by eight hours, aberrant prometaphases of
one sort or another accounted for more than seventy per cent of
all division figures. The impression was one of constantly in-
creasing numbers of prophases showing increasing degrees of over-
contraction and disappearance of all other stages. Actually by
the end of eight hcurs, in spite of the tenfold decrease in total

numbers of divisions seen, more figures were classed as prometaphases
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than in controls. Reversion of prophases was significant by two
hours and reverting figures increased rapidly, becoming second only
to various degrees of overcontraction as a major abnormality. Meta-
phases and postmetaphases, showing little if any spindle disturbance,
became overcontracted and decreased in proportions even more than was
necessary to account for the great increase in proportion of pro-
metaphases. It will be noted that after eight hours treatment with
this dosage no divisicn figures were scored as normel, despite the
fact that such root tips were noted to be recovered forty-eight
hours after removal from treatment.
Streptonycin

As previously noted, streptomycin sulfate affected material
shows the same overall frequency changes, kinds of aberrations and
changes in relative proportions of atzages as does material treated
with Acti-dione, but generzlly with considerably less intensity
of expression. This was substantiated in this phase of the in-
vestigation. Little of consequence was observed in material
treated with 175 ppm streptomycin until four hours of treatment.
During the last four hours of treatment total division frequency
dropped, early prophase decreased and prometaphase increased in
relative proportions. In prophases reversions became very fre-
quent as did slight overcontraction as evidenced by ball prometa—-
rhases which increased with time. Metaphases and postmetaphases
were little altered from controls except for moderate overcon-
traction, ocecasional spindle feilures and a few pyknotic meta-

phases by eight hours of treatment.



Seneral Summary

Text figs. 6A, 6B and 60 summarize in a general way the
differences between colchicine, Acti-dione and streptomycin with
respect to the effect of duration of treatment on

() the frequency of division figures,

(b) the proportion of abnormalities iﬁ total prophase and

(c) the proportion of abnormalities in total postprophase.

Little can be said at this point to supplement these graphs
and the information given in the preceeding sections, except to
re-emphasize some fundamental differences between the action of
these drugs at dosages below the lethal level.

The effects of colchicine were found to be very different
from thoée of Acti-dione, the former moderately increasing
numbers of divisions and primerily affecting postprophase stages
by causing deviants which can benerelly be classified as spindle
derangements. Acti-dione, on the other hand, causes extreme re—
duction in number of divisions and primarily affects prophase by
causing effects that can generally be classed as reversions and
various degrees of overcontraction. Streptomycin can be said
to cause effects similar, but less in degree, to those caused by

Acti;ﬂione.
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F. Effects of Treatment with Dihydrostreptomycin

Table III lists the results of runs with several concen~
trations of dihydrostreptomycin sulfate with respect to cytological
and lethal dosage thresholds. It will be noted that these thresh—
olds do not vary significéntly from those found for streptomycin
sulfate when either distilled water or cuarter-strength Hoagland
solution is used as a solvent. Qualitatively no difference was
noted between the cytological effects of these two drugs.

G. ZEffects of Treatment with Chloromycetin (Plate VIi)

Cytological and lethal thresholds for treatments with synw
thetic and fermentation chloromycetin are listed in Table III.

As far as these data go the effective dosage levels for both
preparations of this drug are identical. Qualitatively no cyto-
logical differences were evident.

The bulk of the qualitative examination was carried out on
material treated for four and eight hours with several concen-
trations of synthetic chloromycetin using quarter-étrength Hoag=
land as solvent. In general results were erratic and root tips
treated identically for the same length of time frequently seemed
to give very different patterns. Some fairly consistent trends
did emerge thét are worthy of comment.

At dosages just below the lethal level about half of the meri-
etems examined showed few or no figures in division.. The few divi-
sions that were noted in such material ranged from normal in
appearance to moderately overcontracted with occasionally alkinetic

and unipolar postpropheses as well as occaslonal pyknosis at all
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stages. The divisions in the root tips with normal frequency of
divisions appeared little different than those in control material
except for occasional overcontracted and akinetic figures which
generally appeared in conjunction with patches of more or less
pyknotic tissue. Cells in such zreas resembled pykmotic figures
in streptomycin very closely; however, the impression was strong
that this necrosis was somewhat less severe than that caused by
streptomycin.

Recovered meterial likewise was difficult to evaluate because
forty-eight hours after removal of the drng one would find oc~
casional patches of pyknotic material with the wide variety of
grotesque division figures that this entailed. Strangely enough,
even at the highest dosages tested it was not unusual to find an
occasional very small patch of normally dividing tissue in root

tips that were scored as "not recovered”.



6
DISCUSSION

Ike Pisum sativum Test

" In general it may be said that the techniques employed in
this investigafion produced consigtently reproducible data with
respect to the cytological effects of certain drués on meristema-
tic tissue of 2%522, In view of the problems that are encountered
in obtaining healthy, uniform, rapidly dividing Allium root tips
throughout twelve months of the year, this technique warrants
further attention in the search for a standard cytological test.
With this method recovery from far stronger treatments can be
obtained, and lethal thresholds can be determined with greater pre-
cision than with the usual Allium technique. These facts plus
the ability to produce an.abuﬁdance of highly uniform, rapidly
dividing root tips at will, seems to more than offset the dis-
advantages of the relatively small size of the cells and chromo-
somes in Pisum, and the extra care necegsary to insure a good
preparation of this material. Yicia faba has the advantage of
mich larger cells and chromosomes; however, the very bulky, rela-—
tively slow germinating and growving seedlings are rather susceptible
to fungal and bacterial infections, ané cannot be as readily and
quickly produced in large numbers as with Pisum.

Colchicine when applied to root meristems of Pisum (at approxi-
mately twice the minimum dosage necessary to produce polyploidy

after eight hours of treatment) primarily affects metaphases and
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postmetaphases. Py eight hours of treatment substantially all
postprophase figures are akinetic. Metaphases increase in pro-
portion to the other stages, Absolute numbers of divisions were
increased. Since this increase could not entirely be accounted
for by the increase in proportion of postprophase figures, an
actual stimulation of mitosis is suggested as possible.

As has Deen often reported, colchicine appears to produce
its effects by a specific inpairment of spindle function. In
rea root meristems, the chromosomes appear to proceed through pro-
phase normally as far as prometaphase. The arrangement of chromo—
somes in a typical tight prometaphase clump persists through the
balance of the process, chromatids falling apart in situ and then,
without alteringz position, pass through a typical telophasic re-
laxation of coiling and dispersion of chromatic material to form
a polyploid resting nucleus. This sequence of events may well bde
illustrated by a series of cells as shown in Plate II, Pigs, 1, 2,
3, 4, 8, 12 and 16.

That the impzirment of spindle function is not necessarily
an 211 or none process is demonstrated by the fact that thresh-
0old dosages result in what appear to be weak or erratic spindles
with consequent higher incidence of micronuclei. It will be
noticed that dossge at the rate of 15 and 20 ppm for eight hours
results in significant numbers of disorganized postmetaphase
figures (Text fig. 4A) and it has already been pointed out that
these concentrations resulted in the highest numbers of micronuc-

lei. Such a sequence might well be represented by a series of



cells as are shown in Plate II, Figs. 1, 2, 3, 4, 5, 9 or 10,
13 or 14, and Plate III, Fig. 1 or 2.

Since the prophase sequence at all dosages tested is appar—
ently little chanced from that of controls (Text fig. LA) it
seems probable that the component of the spindle directing
movement to an equatorial plate and that component directing
anaphase movement are either both part of the same fundamental
process or else are separate processes which are both equally
affected by colchicine. The former seems the most likely con-
clusion to be drawn since there is no evidence tﬁat any of the
drugs tested in this investigation caused any differential
effects on these two theoretical spindle forces. The fact
that, at threshold doses, the tight prometaphase organization
frequently gave way to scattered akinetic metaphases rather than
clumped akinetic metaphases.seems to imply at least a degree of
plate organizational forces at work. When such figures were
abundant, a high percentage of disorganized anaphases could be
also observed, thus implying at least a degree of anaphase move-
ment spindle forces at work. Similarly, when substantially all
metaphases were of the clumped akinetic type, substantially all
of the postmetaphases were scored as unipolar implying that both
spindle components were inactivated. It is difficult te find
evidence in the literature that is valid on this point. Un-
fortunately most of the work with colchicine has been done at
far greater dosages than was used here, and it is entirely possi-

ble that some of the reported effects of colchicine and other true
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"C-mitotic" drugs may represent in part the effects of toxic, sub-
lethal dosage.

For the latter reason, it is also difficult to compare the
data obtained in this study with that of other workers in respect
to changes in freguency of divisions. TFor example, Guttman (1952)
reported a decrease in absolute numbers of prophases in Allium
materiai treated for twenty-four hours with 500 and 200 ppm. col-
chicine which was grouped with material treated twenty-four hours
with satursted acensphthene solution. This may or may not repre-
sent a toxic effect of her treatnents; however, such a possibility
cannot be dismissed. The fact that her conclusions indicate that
only eighty-five per cent of metaphases proceed to irterphase
without passing through normal postmetaphase stages suggests some
sort of fixation effect. This vossibility is heightened when one
considers that in our study far lower dosages and far shorter
duration of treatment caused substantially all metephases to pass
directly to the resting condition without anaphase-~telophase
sequence. Also she reports a doubling of the time reguired for a
cell to complete the whole division cycle. That means a far lower
rate of initiation of mitosis and suggests a depressant effect of
her treatments. In this investigetion nothing of the sort has
been noted: in fact it seems 1likely that the total length
of the division cycle in Pisum may be somewhat shortened by 50 ppm

colchicine, thus increasing the rate of initiation of mitosis.



dcti-dione gffects

It was noted that, in almost every respect, the effects of
Acti-dione at cytologically effective but non-lethal dosage levels
are diametrically opposed to colchicine effects. Acti-dione pri-
marily affects prophase causing 2 tremendous pile~up of overcon~
tracted prometaphase figures in which contraction has proceeded
to metaphase length or shorter and where the nuclear "membrane™
remains intact. Reversions are freguent, but akinetic figures
are not present in significent numbers. The most marked differ-
ence is the tremendous drop in frequency of divisions, early pro-
phases becoming practically non-~existent by eight hours of treat-
ment.

Acti-dione is a typical "cell poison" in the D'Am=to sense.
Preprophase irhibition of mitosis at 6 ppm is substantially one
hundred per cent after approximately one hour of treatment. Pro-
phases are never able to reach metaphase, and desﬁite extreme
contraction chromosomes remain in midprophase arrangement within
an intact nuclear membrane. Reversion of prophases to an Marti-
ficial interphase" (Levan, 1952) is substantial in amount and may
occur at any stage of prophase. Postprophase stages, unlike those
in colchicine treated material, show little that is striking in
the wey of sberrctions., Some overcontraction is seen in these
stages, but no significant amount of spindle disturbance. Post—
propheses decrease in total proportion of divisions due to the
failure (of at least the great majority) of prophases to pass

into metaphase. The secuence of events in prophase may well be
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11lustrated by such a series as shown by Plate IV, Figs. 1, 3, 8,
and 10 with reversions at all stages of prophase shown by Plate IV,
Figs. 2, 5, 11 and 12.
Streptomycin Effects

The effects of streptomycin a2t non-lethal levels appear to
bear little resemblance to colchicine effects. On the other hand,
streptomycin, like Acti-dione, answers D'Amato's description of a
"'cell poison", showing effects qualitatively identical with those
produced by Acti-dione but considerably weaker from a quantitative
point of view. This is seen most strikingly when a comparison is
made of Text figs. 3A, B and C. It is apparent that there
is 1little margin Dbetween streptomycin dosages that cause
marked cytological effects and dosages that cause necrosis as
evidenced by appearance of pyknosis. There is only one apparent
exception to this conclusion, and that is that preprophase in-
hibition of mitosis by streptomycin appears significantly at
dosages lower than those required to produce cytological effects,
Cytological effects with‘streptomycin might well appear if, for
example, treatment with 100 and 150 ppm stireptomycin were allowed
to continue longer than the eight hours used in this investigation.
However, it seems more reasonable to postulate that preprophase
inhibition of division,at least as caused by streptomycin,differs
fundamentally from the reactions preventing prophases reaching
metaphase and causing reversion. The possibilify that this may
21so be the case with Acti-dione is suggested when one examines
the data with respect to a dosage of 0.2 ppm and 0.5 ppm as sum~

marized in Text fig. 3B.
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While the quantitative information on which these conclusions
are based was obtained through the use of sireptomycin sulfate, the
effects of dihydrostreptomycin sulfate showed no fundamental de-
viations therefrom and as far as comparisons were made, it seems
reasonable to>assume that the two drugs are identiecal in effect.
Chloromycetin Effects

While no quantitative dsta are at hand with respect to the de-
tailed effects of chloromycetin, it seems apparent that, except for
rather erratically expressed inhibition of divisions, clear cut
cytological effects of the type produced by the other drugs tested
are masked by necrotic changes at all concentrations of the drug
able to effect such change., It can be stated that, compared to
Acti-dione and streptomycin, chloromycetin on a concentration basis
is considerably less toxic. However, the threshold of cytologiecal
effectiveness is no lower than the threshold of lethality.

The necrotic effects of chloromycetin appear to involve the
poisoning of local sectors of meristems rather than a systemic
poisoning of the entire meristem, as seems to occur with Acti-dione
and streptomycin. Until further investigation is made and many
more data are obtained, speculation concerning this apparent dif-
ference between chloromycetin and the other drugs seems fruitless,

As far as study was carried out, as might be expected, syn-
thetic and fermentation prepsrations of chloromycetin appeared

identical in their action.

Salt Effects

One of the most striking phenomena noted in this study was
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the tremendous degree of antagonism showvn by certain mineral szlts
to streptomycin action., Effective thresholds of the drug were
raised by a factor of approximately twenty in going from distilled
water to quarter-strength Hoagland solution, and by approximately
eighty between distilled water and half-strength Hoagland. Simi-
lar salt effects have been reported as antagonizing antibacterial
activity of streptomycin in vitro (Pratt and Dufrenoy, 1949), This
immediately suggests that a2 close relationship exists between the
antibiotic properties of this drug and the effects we have noted
on plant meristems.

As to the significance that this phenomenon has with respect
to the mode of action of streptomycin, one can only speculate that
either the salt effect is one of decreasing the permeability of
the plasma membrane for streptomycin or that the effect involves
an alteration of the colloidal properties of protoplasm rendering
it directly or indirectly more resistant to the action of the
drug.

A salt effect was noted with Acti-dione and chloromycetin,
but was not nearly as marked as.with streptomycin (a2 factor of be-
tween two and four for Acti-dione and about two with chloromycetin
between distilled water and quarter-strength Hoagland solution).
Without much more information there is little to be goined in
speculating whether or not this has the same basis as salt an-
tagonism of streptomycin. An important observation, however,
was that variations in salt concentration did not alter the

effective thresholds of colchicine, This fact permits one to
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postulate a fundamental difference in mode of action of colchicine
compared to the other drugs tested.
Q—mjtqsi;

The term "C-mitosis" originally was intended to apply to the
altered mitotic pattern caused by colchicine (Levan, 1938). Today,
as already pointed out, it is used by most workers to describe
any alteration of mitosis where spindle control of postmetaphase
chromosomes is impaired. One suspects that highly contracted pro-
metaphases as produced by extended treatment with Acti-dione (Plate
IV, Figs. 9 and 10) may frequently be reported as "C-mitotic! by
the casual observer., The cereful workers in this field have al=-
ready pointed out (D'Amato, 1949; Hawthorne and Wilson, 1952:
Levan, 1952 and others) that, despite the relatively similar
appearance of metaphases in a number of different treatments, the
fundamental causes and mechanisms may be quite different.

An advantage of the use of Pisum root tips anq the technigue
herein described is that recovery of treated root tips is ob-
tained at a much higher level of effect than with Allium material,
Lethal concentration threshslds can be rather precisely determined
and, contrary to previous reportis (Wilson, 1950; Wilson and Bowen
1951; Wilson and Bawthorne, 1952), these were found to be higher
than the thresholds of visible éytological effects in the case of
Acti—-dione and streptomycin. This precision of determination of
non-recovery levels of dosage has led to two observations that may

be of fundamental interest. TFirst of all, recovery of tissue was

not obtained at any concentration level producing significant



7B

quantities of pykmosis. Secondly, recovery, except with colchicine,
was not obtained at any concentration level producing significant
quantities of postprophase figures showing spindle impairment.

It is therefore suggested that spindle impairment caused by
typical "cell-poisons" is the result of lethal processes, perhaps
of "poor fixation", and might well be an early stage in pyknotic
degeneration. It may be further pointed out that spindle dersnge-
ment caused by non-recoverable dosages of Acti-dione (Plate V,

Figs. 2, 3, and 4), streptomycin (Plate VI, Figs. 8 and 15) and
chloromycetin (Plate VII, Figs. 4 and §) presents a very different
gross appearance compared to that caused by effective polyploi=-
dizing dosages of colchicine (Plate II, Figs. 5 through 16). Exami~
nation of Pisum root tips treated with polyploidizing concentra-
tiones of cyclochlorohexane should prove of interest in this respect.

It is proposed that the use of the term "C-mitosis" and the
consequent term "C-metaphase" be reserved for spindle disruption
caused by the few true polyploidizing materials. Thus before
gpindle impairment could be lavelled "C-mitosis", it would have to
be shown that it was a) a highly specific reaction, b) accompanied
by little or no prophase disturbance and, c¢) vroductive of sub-
stantial amounts of polyploidy. A general term (without any poly-
ploidizing implications) should be used to describe spindle dis-
turbance regardless of cause, '"Akinetic mitosis™ is suggested as
a suitable term to describe all sorts of spindle disruption and
akinetic metaphases" or Makinstic postmetaphases™ might be used

to describe figures showing spindle disturbance regardless of
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causes This ought not in any wey to interfere or be confused
with the present term “akinetic chromosome®in limited use synony-
mously with "acentric chromosome!" to describe a chromosome with-

out a kinetochore.
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SUMMARY

The technique of immersing root meristems of Pigum sativum
seedlings in known concentrations of an antimitotic dissolved
in a weak balanced mineral solution, produced consistently re-
producable cytological aberrations which were readily analy-
zable on both a quantitative as well as a qualitative basis.
This technique possessed certain advantages over the standard
Allium cytological test particularly a) in being readily
available throughout the year, b) in permitting recovery from
stronger treatments and, c¢) in permitting determination of
lethal thresholds with greater precision.

Colchicine was observed primarily to affect postprophase stages,
eliminating spindle control of chromosome orientation and move-
ment, thus causing formation of polyploid resting nuclei. Pro-
phases generally appeared normal. At concentrations tested,
the duration of metaphase was increased resulting in a moderate
increase in the proportion of metaphases to other stages.
Bvidence is presented suggesting a shortening of the time re-
quired for a complete division cycle and a conseguent increase
in frequency of division Ffigures.

Differing from colchicine in almost every respect, Acti-dione
was shown primarily to affect prophases, preventing at least
the greatest part of them from entering metaphase and thus re~
sulting in much overcontraction of chromosomes. Reversions to

an artificial interphase were frequent at all prophase stages.

Postprophase stages were relatively normal, but decreased in
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proportions due to failure of prophases to enter metaphase.
Almost complete inhibition of new divisions was observed.
Streptomycin effects were similar to those produced by Acti-
dione, but at recoverable dosages were not nearly as strongly
expressed. It was shown that little margin existed between the
the minimum dosage capable of producing cytological effects and
the lethal threshold of this drug.

Except for somewhat erratic preprophase inhibition of division,
chloromycetin had no cytological effects that could be clearly
separated from necrotic processes. Despite this, on a concen-—
tration basis this drug was the least toxic of the three anti-
biotice tested. |

With the exception of colchicine, the cytological activity of
the drugs tested was antagoniged by dissolved mineral salts.
This was very marked in the case of streptomycin, and with the
other two drugs was only moderate. The possible implications
of this "salt effect" are discussed. Most important of these
is the suggestion that colchicine has a mode of action funda-
mentally different than the other drugs.

In the case of the three antibiotics evidence of necrosis and
of spindle impairment was not seen in significant proportions
except at dosages high enough to prevent recovery. This and
other fects are used to support the hypothesis that the spindle
derangements caused by the three antibiotics have a very dif-
ferent basis than the spindle disturbances caused by colchicine.

There is some basis for the possibility that spindle impairments
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caused by treatment with Acti-dione, streptomycin and chloro~
mycetin are actually early stazes in pkynotic degeneration.

The term "skinetic mitosis" is proposed as a substitute for
the term "C-mitosis" to describe any mitotic process where
spindle control of postprophase chromosomes is impaired. "C-
mitosis" would be reserved to describe the colchicine type of
"akinetic" mitoses where such spindle impairment is a) a highly
specific reaction, b) accompanied by little or no prophzse
disturbance and c) productive of substantial amounts of poly~

ploidy.
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Figs.
Figs.
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Figs.

PLATE I

Normal Mitoses from Untreated Material

1-3 Early prophases
L4~-6  Midprophases
7-9  Prometaphases
10-11 Metaphases
12-13 Anaphases

14-16 Telophases

Bach division of the scale represents ten microns,
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PLATE IJ

. Wffects of Colchicine

Mitoses from material treated for eight hours with 50 ppm dissolved in

quarter-strength Hoagland solution unless otherwise specified

Fig. 1 Normal early prophase

Fig. 2 Normel midprophase

Figs. 34 Yormal prometaphases

Fig. 5 Scattered akinetic metaphase
Figs. 6-8 Clumped akinetic metaphases

Fig. 9 Scattered akinetic metavhase and disorganized akinetic
anaphase from material treated with 30 ppm

Tig. 10 Disorganized akiretic anaphase
Fig. 11 Unipolar akinetic anaphase from material treated
with 30 ppm
Fig. 12 Unipolar akinetic anaphases
Fig. 13 Disorganized akinetic telophases from material treated

with 30 ppm
Fig. 14 Disorganized akinetic telophase

Figs. 15-16 Unipolar akinetic telophases

Each division of the scale represents ten microns.
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PLATE III

Effects of Colchicine

Mitoses from materizal treated with colchicine
in quarter-strength Hozgland solution
Fig. 1 Micronueclei from material treated with 30 ppm for
eight hours

Fig., 2 Micronuclei from mesterial treated with 20 ppm for
eight hours

Figs. -6 Polypnlold metaphases from materizl treated with
30 ppm for eight hours and recovered for forty-eight
hours

Bach division of the scale represents ten microns.
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PLATE IV

Effects of Acti-dione

Mitoses from material treated for four hours with 4 ppm Acti-dione in

quarter-strength Hosgland solution unless otherwise specified

;
/

Fig. 1 Normal early prophase
Fig. 2 Reverting early prophase
Pig. 3 Normal midprophase

Figs. 4~6 Reverting midprophases from material treated with 6 ppm
for eight hours

Fig. 7 Ball prometaphsose

Fig. 8 Ball prometaphase from material treated with 6 ppm for
four hours

Fig. 9 Overcontracted prometaphsse from material treated with
6 ppm for four hours

Fig. 10 Overcontracted prometaphase from material treated with
6 ppm for eight hours

Figs. 11~12 Reverting prometaphsases from material treated with
6 ppm for eight hours

Fig. 13 Overcontracted metaphase from material treated with
6 ppm for four hours

Fig, 14 Overcontracted metaphase

Fig. 15 Overcontracted anaphase

Fig. 16 Overcontracted telophase from material treated with

6 ppm for four hours

Bach division of the scale represents ten microns.
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PLATE V

Effects of Acti-dione

Mitoses from Acti-dione treated material

Fig. 1 Metaphase with normsl organization but diplo-chromo-
somes from material treated for four hours with 16
ppm dissolved in quarter—-strength Hoagland solution

Fig. 2 Akinetic (scattered) metaphase from material treated
for eight hours with 12 ppm dissolved in distilled
water

Figs. 3 & 4 Akinetic (disorgenized) anaphzses from material treated
for eight hours with 12 ppm dissolved in distilled
water

Each division of the scale represents ten microas.






PLATE VI

Effects of Streptomycin

Mitoses from material treated for six hours with 175 ppm Streptomycin

sulfate in quarter-strength Hoagland solution unless otherwise specified

Fig. 1 Normal early prophase

Pig. 2 Normal midprophase

Fig., 3 ,La£e normal midprophase and ball prometaphase

Fig. 4 Reverting early prophase

Pig. 5 Reverting midprophase after eight hours treatment with
10 ppm dissolved in distilled water

Fig. 6 Normal metaphase and early prophase

Pig. 7 Normal telophase

Fig. 8 Scattered skinetic metaphase

Fig. 9 Unipolar akinetic telophase and overcontracted anaphase

Fig. 10 Overcontracted telophase

Pig. 11 Pyknotic midprophase

Pig. 12 Pyknotic prophase and resting nucleus after eight hours

treatment with 10 ppm in distilled water

Fig. 13-14 Pyknotic metaphases after eight hours treatment with 10 ppm
in distilled water

Pig. 15 Pyknotic akinetic anaphase after eight hours treatment with
10 ppm in distilled water

Fig. 16 Pyknotic very early anaphase

Each division of the scale represents ten microns.
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PIATE VII

Effects of Chloromycetin

Mitoses from material treated for four hours with 1000 ppm synthetic

chloromycetin dissolved in quarter-strength Hoagland solution

Fig., 1 Reverting early prophase

Fig. 2 Ball prometaphase

Fig, 3 Reverting midprophase

Fig. 4 Scattered akinetic metaphases
Fig. 5 Disorganized akinetic anaphase
Fig. 6 Pyknotic metaphases

Fig. 7 Pyknotic prophase

Each division of the scale represents ten microns.
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