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THE  EFFECT  OF  COLCHICINE  ON  THE  SPINDLE  OF  ROOT  TIP  CELLS.
By  Maky  M.  Hindmarsh,  Linnean  Macleay  Fellow  in  Botany.

(Plate  xi;  one  Text-figure.)
[Read 26th November, 1952.]

Synopsis.
In  dividing  cells  of  onion  root-tips  the  spindle  can  be  observed  after  acid  fixation.
0-1% colchicine destroys the spindles in all  stages of mitosis and prevents spindle formation

in  cells  beginning  division  during  treatment.  The  spindle  appears  to  be  responsible  for
organizing the cell division process and all the chromosome abnormalities produced by colchicine
can be related to the destruction of the spindle.

Introduction.
Most  of  the  work  on  cytological  effects  of  colchicine  has  been  carried  out  using

tissue  fixed  and  stained  for  observing  the  chromosomes  rather  than  the  spindle.  The
abnormal  chromosome  arrangements  observed  in  colchicine-treated  cells  have  been
explained  by  postulating  an  effect  on  the  spindle  mechanism,  and  it  is  generally  agreed
that  colchicine  suppresses  spindle  formation.  Only  recently  have  attempts  been  made
to  demonstrate  this  action  of  colchicine  and  in  1951  Gaulden  and  Carlson,  with  the
phase  contrast  microscope,  examined  the  effect  of  colchicine  on  spindles  in  living
animal  cells  in  culture.  They  confirmed  the  earlier  deductions  that  colchicine  prevents
spindle  formation  in  cells  which  begin  division  during  treatment,  but  in  addition
observed  that  spindles  already  formed  in  metaphase,  anaphase  and  telophase  cells  were
suppressed.

This  paper  describes  the  effects  of  colchicine  on  the  spindle  in  meristematic  plant
cells  and  attempts  some  discussion  of  earlier  interpretations  of  the  cytological  action  of
colchicine.

Unfortunately  the  technique  employed  by  Gaulden  and  Carlson  cannot  be  used  for
plant  cells  because  of  difliculties  in  obtaining  single  living  plant  cells  suitable  for  such
experiments.  In  living  animal  cells  the  spindle  was  identified  as  a  clear  area  which  was
not  penetrated  by  mitochondria.  After  certain  types  of  fixation  the  spindle  can  be
observed  in  plant  cells  and  appears  to  consist  of  numerous  fine  fibres.  Although  these
visible  fibres  are  probably  the  result  of  acid  fixation,  they  provide  a  useful  indication  of
the  presence  of  a  normal  spindle  structure.  By  using  plant  tissue  in  which  the  spindle
fibres  are  clearly  visible  fn  untreated  cells,  as  basis  of  comparison,  it  should  be  possible
to  reconstruct  the  effects  of  colchicine  on  the  spindle  by  examining  many  cells  of  a
tissue,  fixed  at  known  intervals  of  time  after  treatment.  This  was  attempted  first  using
paraffin  sections  of  root  tips,  but  this  method  proved  to  be  slow  and  tedious  and  was
abandoned.  Later  it  was  found  that  spindles  in  smears  of  unstained  cells  could  be
observed  with  the  phase  contrast  microscope  after  certain  types  of  fixation,  and  this
method  was  used  to  study  the  effect  of  colchicine  on  the  spindle.

Methods.
Onion  bulb  roots  about  3  cm.  long  were  treated  by  immersing  in  0-1%  (2-5  x  10-*M)

colchicine  for  periods  up  to  24  hours  at  22°C.  Roots  were  removed  and  the  tips  fixed
for  examination  every  five  minutes  during  the  first  hour,  then  at  hourly  intervals  to
12  hours  and  at  24  hours.  Bulbs  were  transferred  to  tap  water  after  various  times  of
treatment  up  to  24  hours  and  roots  were  removed  at  intervals  to  determine  the  cyto-
logical  changes  occurring  during  recovery.  Bulbs  with  roots  in  tap  water  were  used  as
controls.

Roots  were  fixed  in  a  weak  chrom-acetic  fixative  of:  Chromic  acid  (1%)  25  c.c,
acetic  acid  (1%)  10  c.c,  water  65  c.c.  After  fixing  for  more  than  24  hours,  roots  were
macerated  in  N.HCl  at  60°C.  for  10  minutes  and  squashed  in  45%  acetic  acid.  These
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unstained  smear  preparations  were  examined  with  a  phase  contrast  microscope.  Control
and  treated  roots  were  photograplied  under  exactly  tlie  same  conditions.

The  rate  of  penetration  of  colcliicine  into  tlie  cells  is  important,  as  the  cells  in  the
outer  layers  of  the  root  will  be  exposed  to  the  threshold  concentration  for  spindle
inhibition  before  the  cells  in  the  centre.  Consequently,  variability  is  encountered
between  different  cells  from  the  same  root,  and  this  is  especially  marked  in  treatments
of  one  hour  or  less.  The  actual  concentration  of  colchicine  in  any  cell  at  any  one  time
cannot  be  estimated  and,  in  the  absence  of  data  on  rates  of  penetration  of  colchicine
into  roots,  it  is  difficult  to  compare  concentration  effects  with  those  for  single  animal
cells.  Problems  of  diffusion  and  penetration  are  serious  difficulties  encountered  when,
whole  tissues  are  used  for  this  type  of  investigation.

Results.
(a)  The  spindle  in  normal  roots.

In  all  preparations  of  untreated  roots,  normal  dividing  cells  with  clearly  visible
spindles  at  metaphase,  anaphase  and  telophase  were  observed  (Plate  xi,  A,  B).

Small  groups  of  spindle  fibres  were  seen  in  some  late  prophase  cells,  but  in  most
cells  earlier  than  metaphase  there  was  no  indication  of  spindle  formation.  The  spindle
first  became  apparent  on  either  side  of  the  nucleus  at  the  ends  of  the  cell  about  the  time
the  membrane  disappeared.

Cell  plates  were  found  in  various  stages  of  formation.  When  the  chromosomes
began  to  lose  their  distinctness,  cell  plates  appeared  as  a  row  of  dark  spots  in  the
centre  of  the  cell.  These  spots  joined  together  to  form  a  plate  which  extended  towards
the  sides  of  the  cell,  frequently  pushing  the  spindle  material  to  the  side  walls  and
leaving  a  clear  area  in  the  centre.

At  metaphase,  the  spindle  was  a  typical  double  cone  which  increased  in  length
during  anaphase  and  at  telophase  was  a  narrow  cylindrical  structure  separating  the  two
new  nuclei,  which  were  then  at  the  ends  of  the  cell.  The  spindle  regained  its  original
cone  shape  as  the  cell  plate  formed  across  the  cell  (Darlington,  1937).

At  telophase  the  spindle  appeared  to  be  quite  separate  from  the  reforming  daughter
nuclei,  and  there  was  a  clear  area  without  fibres  at  each  end  of  the  spindle  next  to  each
telophase nucleus.

(&)  Treatment  with  0-1%  colchicine.
No  abnormalities  were  observed  in  the  cells  of  roots  treated  for  5-10  minutes.  Aftei*

15  minutes'  treatment,  most  of  the  cells  were  unaffected  and  normal  cells  with  well-
developed  spindles  were  numerous.  In  the  affected  cells,  abnormalities  occurred  in  the
usual  regular  arrangement  of  the  chromosomes  at  anaphase  and  telophase,  though  these
cells  had  visible  spindles.  In  some  telophase  cells,  where  no  spindle  could  be  observed,
the  two  daughter  nuclei  which  normally  move  to  either  end  of  the  cell  were  closer
together  towards  the  centre.

After  30  minutes'  treatment  there  were  few  anaphase  and  telophase  stages.  A  few
of  these  had  spindles,  but  in  most,  the  spindles  had  disappeared  from  the  cells.  In
some  abnormal  anaphase  stages,  no  spindle  was  visible  but  the  chromosomes  were
separated  into  two  groups  which  were  closer  together  and  lacked  the  regular  V-shape
and  uniform  arrangement  of  normal  anaphase  chromosomes.  Late  telophase  stages
without  spindles  or  cell  plates,  binucleate  cells  and  dumbbell-shaped  interphase  nuclei
were  observed  (Plate  xi,  E-H).  No  normal  metaphase  cells  were  found  after  30  minutes'
treatment.  Metaphase  chromosomes  were  short  and  thick  and  scattered  at  random  in  the
Cytoplasm  but  no  spindles  were  seen  in  these  cells.  Prophase  was  also  affected  as
prophase  chromosomes  were  shorter  and  thicker  than  normal.

Blocked  metaphases,  and  prophases  with  thick  chromosomes,  were  found  in  the  cells
of  all  roots  treated  longer  than  30  minutes,  but  no  spindles  (Plate  xi,  C,  D).  Binucleate
cells,  dumbbell-shaped  interphase  nuclei,  abnormal  metaphase,  ^telophase  without  spindles
but  with  chromosome  groups  close  together  in  the  cell  were  observed  up  to  60  minutes
(Plate  xi,  G).  Division  of  the  centromeres  to  give  a  tetraploid  chromosome  number



302  EFFECT  OF  COLCHICINE  ON  THE  SPINDLE  OF  ROOT  TIP  CELLS,

was  not  found  in  any  cell  during  the  first  hour  of  treatment.  However,  colchicine  treat-
ment  for  longer  than  one  hour  produced  the  well-known  sequence  of  events  where
polyploid  cells  are  the  result  of  chromosome  division  without  chromosome  separation.

This  continued  succession  of  prophase,  metaphase  and  then  interphase,  without  any
visible  spindles,  demonstrates  that  colchicine  prevents  spindle  formation  and  the  result
is  blocked  metaphase  with  the  complete  absence  of  anaphase  and  telophase.

These  results  also  indicate  that  the  immediate  effect  of  colchicine  on  dividing  cells
is  on  spindles  already  formed  in  metaphase,  anaphase  and  telophase.  The  "untidiness"
noticed  in  anaphase  and  metaphase  after  15  minutes  is  probably  the  first  indication  of  a
vanishing  spindle.  This  is  supported  later  by  the  occurrence  of  anaphase  and  telophase
without  spindles  but  with  chromosome  groups  close  together  in  the  cells.

Dumbbell-shaped  interphase  nuclei  probably  result  from  the  destruction  of  anaphase
and  very  early  telophase  spindles  arid  binucleate  cells  result  from  telophase  cells  where
the  nuclear  membrane  is  formed  or  forming  when  colchicine  enters  the  cell.

The  hyaline  globule  observed  by  Gaulden  and  Carlson  in  animal  cells  when  the
spindle  disappeared,  was  not  seen  in  any  cells  of  treated  root  tips.  The  fixative  used
In  these  experiments  was  extremely  acid  and  it  is  possible  that  the  globule  could  have
been  formed  and  either  destroyed,  or  masked  by  the  granulation  of  the  cytoplasm.

(c)  Recovery  after  treatment  for  one  hour.
The  effects  of  colchicine  persisted  for  at  least  72  hours  in  cells  of  roots  transferred

to  water  after  treatment,  but  there  was  a  gradual  return  to  the  normal  cell  division
process  during  that  time.  In  the  first  hour  in  water,  the  centromeres  of  blocked
metaphase  cells  divided  forming  tetraploid  cells  with  daughter  chromosomes  lying
parallel  in  the  cytoplasm.  Some  irregular  dumbbell-shaped  nuclei  were  seen  in  early
prophase  but  there  were  no  anaphase  or  telophase  stages  and  no  spindle  formation.  Ten
to  fifteen  hours  later  the  cells  looked  very  much  the  same  as  at  one  hour,  and  no  cells
had  passed  metaphase  which  was  still  "blocked".

After  about  19  hours  of  recovery,  however,  some  cells  showed  spindles,  but  most
of  these  were  in  abnormal  cells  with  multipolar  spindles,  as  described  by  Levan  (1938).
These  cells  would  have  been  unbalanced  and  would  probably  have  degenerated.

In  cells  of  roots  in  water  for  23  hours,  spindles  were  clearly  visible  in  tetraploid
(PI.  xi,  M)  and  diploid  cells  at  metaphase,  anaphase  and  telophase,  all  of  which  appeared
to  be  perfectly  normal.  Cell  wall  formation  was  observed  in  all  roots  where  spindles
were  formed  again.  Some  prophase  cells  appeared  to  be  quite  normal  but  prophase  with
thickened  chromosomes  persisted  to  about  19  hours'  rec6very  (Plate  xi,  J).

These  recovery  results  show  that  colchicine  does  no  permanent  damage  to  the  spindle
mechanism  which  is  restored  to  treated  cells  when  the  colchicine  is  removed,  but  they
do  suggest  that  recovery  occurs  more  slowly  than  inhibition.  The  significance  of  this
point  will  be  discussed  later.

Discussion.
The  results  described  in  this  paper  confirm  the  observations  of  Levan  and  others

that  colchicine  prevents  spindle  formation  in  plant  cells.  In  addition,  the  results  show
that  colchicine  destroys  spindles  already  formed  at  metaphase,  anaphase  and  telophase.
This  latter  observation  has  not  been  reported  previously  for  plant  cells,  although  Gaulden
and  Carlson  (1951)  showed  a  similar  result  for  animal  cells.

.  Cells  treated  before  metaphase,  which  is  the  earliest  stage  obviously  organized  by
the  spindle,  did  not  form  a  normal  metaphase  plate.  The  complete  absence  of  a  spindle
resulted  in  a  blocked  metaphase.  Centromere  division  in  these  cells  was  followed  by
the  formation  of  a  tetraploid  interphase  nucleus,  as  anaphase  separation  did  not  occur.
These  effects  indicate  the  usual  sequence  of  events  in  colchicine  treated  material.

When  the  metaphase  spindle  was  destroyed,  the  chromosomes  clumped  together  in
the  cell.  These  probably  form  a  typical  blocked  metaphase  later,  but  that  would  be
difficult  to  ascertain  in  a  multicellular  tissue  in  which  blocked  metaphase  cells  produced
from  suppression  of  the  pre-metaphase  spindle  are  numerous.
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The  results  of  spindle  suppression  in  cells  at  later  stages  than  nietaphase  are  visible
abnormalities  in  the  interphase  nuclei.  When  anaphase  cells  were  treated,  the  two
chromosome  groups  moved  towards  the  centre  of  the  cell  and  were  finally  incorporated
in  one  large,  irregular,  frequently  dumbbell-shaped  nucleus.  Sometimes  one  or  more
chromosomes  become  separated  from  the  chromosome  group  and  form  micronuclei.
Early  telophase  stages  blocked  by  colchicine  produced  the  same  result  as  spindle
destruction  at  anaphase.  If  the  membranes  of  the  daughter  nuclei  were  initiated  before
the  spindle  disappeared,  that  is  if  late  telophase  was  treated,  the  result  was  a  binucleate
cell  but  the  two  nuclei  usually  occupied  the  centre  of  the  cell.

Effects  on  pre-metaphase  stages  were  more  conspicuous  in  colchicine  treated  material
than  those  on  later  stages,  because  the  absence  of  a  spindle  does  not  prevent  new
divisions.  In  colchicine  cells  continue  to  come  into  prophase  and  pass  through  blocked
metaphase  to  interphase,  but  all  anaphase  and  telophase  stages  soon  disappear  from
treated  material  and  are  not  replaced.  The  duration  of  the  cell  division  stages  has  been
worked  out  for  pea  roots  at  20°C.  (Brown,  1950)  where  it  is  about  5  and  13  minutes  for
anaphase  and  telophase  respectively.  Barber  (1939)  measured  the  rate  of  division  in
Tradescantia  staminal  hairs  and  found  that  anaphase  took  25  minutes  and  telophase  4-7
minutes  at  25°C.  In  both  plants  the  total  time  for  anaphase  and  telophase  is  half  an
hour  or  less.  As  we  have  shown,  0-1%  colchicine  affects  the  spindles  of  all  dividing  cells
in  a  root  tip  in  one  hour,  so  that  g.bnormal  cells  produced  by  the  destruction  of  spindles
in  anaphase  and  telophase  cells  would  not  be  found  after  li  hours'  treatment.  Probably
this  is  why  earlier  observations  on  colchicine  treated  plant  cells  have  not  shown  that
stages  later  than  metaphase  could  be  affected.  Abnormal  interphase  nuclei  persist,  but
these  are  easily  overlooked  among  the  recurring  blocked  metaphase  cells.  Levan  (1938)
examined  root  tips  7-30  minutes  after  the  beginning  of  treatment  and  observed  anaphase
chromosomes  which  remained  in  two  groups  and  were  later  included  in  one  large
nucleus.  This  can  be  explained  by  the  removal  of  an  anaphase  spindle.

Barber  and  Callan  (1943)  have  suggested  the  abnormalities  induced  in  dividing  cells
of  newt  can  be  explained  as  the  inactivation  by  colchicine  of  the  centromere  or  the
centrosome  or  both.  They  postulate  inactivation  of  the  centromere  only  to  give
"exploded"  metaphase,  of  centrosome  only  to  give  "star"  metaphase  and  of  both
centromere  and  centrosome  to  give  complete  spindle  suppression  resulting  in  "prophase"
—  metaphase  and  "ball"  metaphase.  Gaulden  and  Carlson  have  shown  that  "star"  meta-
phase  is  formed  during  the  destruction  of  fully  formed  spindles  by  high  concentrations.
Abnormalities  grouped  as  "unorientated"  metaphase  by  Barber  and  Callan  could  be  the
result  of  lack  of  spindle  formation.  This  would  explain  why  Barber  and  Callan  found
mainly  unorientated  metaphases  in  colchicine  treated  material  as  "star"  metaphases
would  be  produced  only  as  long  as  anaphase  and  telophase  were  being  affected  and
would  quickly  be  replaced  by  unorientated  metaphase  as  colchicine  prevents  spindle
formation  in  new  cells  coming  into  division.  It  is  possible  that  centrosomes  or  centre-
meres  or  both  are  responsible  for  the  organization  of  the  spindle,  and  it  is  also  possible
that  colchicine  inactivates  these  cell  centres,  but  it  does  not  seem  necessary  to  postulate
degrees  of  effect  on  these  centres  to  produce  the  different  abnormalities.

Recovery  experiments  show  clearly  that  the  ability  of  a  cell  to  form  a  spindle  is  not
destroyed.  After  colchicine  is  removed,  spindles  reappear  and  function  properly  in
colchicine  induced  tetraploids.  During  colchicine  treatment  for  short  periods  chromo-
somes  undergo  a  division  cycle  without  a  spindle,  so  that  in  recovered  cells  the  spindl-e
lags  one  division  behind  the  chromosomes.

Spindle  suppression  is  seen  in  all  dividing  cells  one  hour  from  the  beginning  of
treatment,  but  spindles  are  not  reformed  for  about  16  to  20  hours  after,  colchicine  is
removed.  There  are  a  number  of  possible  explanations  of  this  time  lag.

(1)  "Washing  in  water  is  not  efficient  enough  and  a  very  low  concentration  of
colchicine  might  maintain  induced  abnormalities  in  the  cells.

(2)  Colchicine  may  be  adsorbed  on  to  sensitive  centres  of  the  cell,  perhaps  the
centromeres,  and  not  readily  removed  by  washing  but  slowly  utilized  in  the  cell.
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(3)  There  is  no  observable  effect  on  interphase  nuclei  in  colchicine  treated  material,
but  neither  is  there  any  real  evidence  about  the  time  of  initiation  of  the  spindle,  nor
about  the  earliest  point  at  which  spindle  suppression  can  occur.  Cells  treated  during
a'  division  cycle  do  not  reform  a  new  spindle  when  colchicine  is  removed  until  they  have
passed  through  an  interphase.  Perhaps  spindle  suppression  occurs  at  late  interphase;
this  could  explain  why  colchicine  effects  are  still  visible  after  19  hours'  recovery  time.

NORMAL

Text-fig. 1. — Abnormalities resulting from the destruction of the spindle.

The  time  of  such  an  action  on  interphase  cells  could  not  be  accurately  estimated  without
more  information  on  the  duration  of  stages  in  colchicine.  As  some  diploid  cells  result
after  one  hour's  treatment  the  effect  must  be  postulated  in  the  later  part  of  interphase,
leaving  cells  in  early  interphase  unaffected.  This  possibility  would  mean  that  the  effect
of  colchicine  is  the  same  on  all  stages  of  division  rather  than  one  action  on  pre-
metaphase  stages  and  another  on  anaphase  and  telophase  spindles.  If  spindle  formation
begins  in  interphase  then  the  effect  of  colchicine  is  to  destroy  the  spindle  from  the  time
of  its  initiation  to  telophase.
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The  nuclear  material  of  cells  in  which  the  spindle  is  destroyed  moved  towards  the
centre  of  the  cell.  Apparently  at  anaphase  and  telophase  in  normal  cells  the  spindle
overcomes  the  forces  which  hold  the  nucleus  at  the  centre  of  the  cell,  and  keeps
daughter  nuclei  apart  until  the  new  cell  plate  is  formed.  If  the  spindle  is  destroyed
the  original  forces  predominate  once  more  and  the  nuclear  material  takes  up  a  central
position.

A  diagrammatic  representation  of  the  effect  of  colchicine  on  cells  in  all  stages  of
mitosis  is  shown  in  Figure  1.

Cell  wall  formation  is  prevented  by  colchicine,  probably  as  a  result  of  spindle
suppression.  No  cell  plates  are  formed  if  the  spindle  disappears  at  telophase.  When
the  cell  recovers,  cell  plates  are  formed  after  the  spindle  reappears,  but  not  before,
and  a  cell  which  becomes  binucleate  during  treatment  remains  in  that  condition  till  it
divides  again  during  recovery.  The  observation  that  numerous  cross  walls  form  in
recovered  colchicine  treated  cells  supports  the  view  that  cell  plate  formation  is  depen-
dent  on  the  spindle.  The  division  figures  of  polyploid  cells  produced  by  treatment  are
frequently  too  wide  to  fit  in  the  cell  in  the  usual  way,  so  they  turn  length-wise  or  from
corner  to  corner  in  the  cell.  The  cell  plate  in  these  cells  forms  across  the  spindle
wherever  it  may  be,  not  in  the  normal  position  across  the  cell.

In  addition  to  altering  the  normal  arrangement  of  chromosomes,  colchicine  affects
their  contraction  since  prophase  and  metaphase  chromosomes  are  shorter  and  thicker
than  in  normal  cells.  Two  suggestions  have  been  made  to  explain  this  aspect  of  the
colchicine  effect.  Levan  and  Ostergren  (1943)  believe  that  colchicine,  by  destroying
the  spindle,  prolongs  metaphase  and  as  a  result  spiralization  continues  for  a  longer  time.
This  means  thicker  chromosomes  are  secondary  effects  of  spindle  destruction.

Ostergren  (1944)  rejected  this  explanation  because  he  found  thick  chromosomes  in
prophase  as  well  as  metaphase,  and  also  that  chromosome  contraction  began  at  lower
concentration  than  spindle  suppression.  He  observed  thickened  chromosomes  in  some
cells  with  normal  or  nearly  normal  spindles  and  concluded  from  this  that  colchicine
must  have  a  direct  effect  on  the  spiralization  process.  It  is  difficult  to  decide  between
tliese  two  views,  especially  since  thickened  chromosomes  have  been  observed  during  this
investigation  in  cells  at  anaphase  after  the  spindle  has  been  destroyed  by  colchicine.
There  seems  to  be  some  evidence  to  indicate  a  slowing  down  of  some  stages  of  the  cell
division  process  by  colchicine.  Metaphase  is  longer  than  normal  when  colchicine
removes  the  spindle  (Levan  1938;  D'Amato  1948)  and  Barber  and  Callan  (1943)  found
blocked  metaphase  chromosomes  in  swollen  vacuolated  newt  cells  treated  with  colchicine.
Vacuolation  normally  occurs  at  the  end  of  anaphase.  Gaulden  and  Carlson  have  shown
that  colchicine  not  only  prolongs  metaphase  but  also  prophase;  so  that  extra  spiraliza-
tion  at  prophase  could  be  due  to  a  prolonged  division  with  chromosome  contraction
proceeding  at  the  normal  rate.  However,  it  is  not  clear  how  this  could  account  for
thicker  chromosomes  at  anaphase.

All  the  observed  irregularities  indicate  a  disorganized  cell  division  mechanism  and
can  be  explained  by  the  absence  of  the  spindle.  The  spindle  appears  to  be  responsible
for  metaphase  plate  formation,  anaphase  separation,  holding  the  chromosomes  apart  at
anaphase  and  telophase  and  for  cell  plate  formation.  Possibly  it  controls  also  the
timing  of  the  cell  division  process.  In  other  words  the  spindle  is  responsible  for  the
organization  of  the  cell  division  and  when  it  is  removed  the  chromosomes  continue  their
part  in  the  division  cycle  but  without  the  usual  organization.  It  should  be  stressed  that
the  formation  of  a  tetraploid  nucleus  during  colchicine  treatment  is  not  a  reversal  of
any  part  of  the  division  process,  but  a  forward  sequence  of  events  following  the  normal
path  as  closely  as  is  possible  without  the  spindle.
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EXPLANATION  OF  PLATE  XI.
All photographs x ca. 350.
A,  B.  —  Normal  cells  showing  spindles.  C,  D.  —  Abnormal  metaphase.  Treated  for  30  and

45  minutes  with  colchicine.  E,  F.'  —  Colchicine  treated  telophase.  E  shows  a  partly  developed
cell  wall  but  the  spindles  have  been  destroyed  in  both  cells.  G.  —  Two  nuclei  close  together  in
the cell  after colchicine treatment for 4 5 minutes.  H.  — Abnorm^-l  interphase nuclei  — a dumb-
bell-shaped  nucleus  and  a  binucleate  cell.  Thirty  minutes'  treatment.  J,  K.  —  Prophase  in
irregular  nuclei  after  one  hour  in  colchicine  followed  by  19  and  48  hours'  recovery  respectively
in water. L.  — Prophase showing early development of the spindle on either side of the nucleus.
One  hour  in  colchicine  and  48  hours  in  water.  M.  — Spindle  and  cell  plate  in  colchicine  induced
tetraploid  telophase.  One  hour  in  colchicine,  48  hours  in  water.
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