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Introduction

The  epidermal  cells  of  roots  have  received  more  or  less  atten-

tion,  especially  those  epidermal  cells  which  form  root  hairs.  The

lines  along  which  investigations  have  been  conducted  may  be

grouped  readily  under  investigations  made  when  the  root  is  in

an  air  medium  and  those  made  when  the  root  is  in  a  liquid  medium.

The  factors  in  the  air  medium  which  have  been  discussed  are

moisture,  light,  temperature,  contact,  length  of  cells,  mode  of

succession,  position  of  nucleus,  osmotic  pressure,  membranes,  and

food  supply.  The  factors  in  the  liquid  medium  discussed  are

calcium  nitrate,  potassium  nitrate,  salt,  and  bog  conditions.

Moisture.—  Persecke  (16),  working  with  Zea  mats  and

Pisum  sativum,  states  that  the  root  hair  development  depends

upon  the  amount  of  air  and  water  in  the  interstices  of  the  soil.

Schwarz  (20),  using  the  same  forms,  comes  to  the  conclusion

that  there  is  a  minimum  of  moisture  at  which  the  hair  formation

begins,  an  optimum  in  which  the  best  development  is  obtained,

and  a  maximum  where  the  hair  development  nearly  or  entirely

ceases.  Pfeffer  (18)  and  others  attribute  more  importance  to

moisture  than  to  light  as  a  factor  in  hair  development.  The  con-

clusion  from  these  observations  is  that  moisture  is  a  factor  in  the

determination  of  the  formation  or  non-formation  of  an  epidermal

cell  of  a  root  into  an  outgrowth  called  a  root  hair,  but  how  or  why

this  is  so  receives  no  consideration,  nor  do  the  limits  of  the  amount

of  moisture  necessary  to  become  a  limiting  factor.

Light.  —  The  effect  of  light  upon  cells  in  general  was  investi-

gated  by  Kraus  (14),  who  found  that  darkness  increased  the

length  of  cells.  Devaux  (2)  found  the  same  and  that  this  favored
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development hand

formation  of

found  darkness  accelerating  and  light  retarding  their  formation.

In  this  work,  however,  the  moisture  factor  was  not  eliminated.

Pethybridge  (17)  found  that  light  retarded  the  formation  of  hairs

upon  oat  and  corn  roots  grown  in  water  cultures.  Schwarz  (20)

found  that  light  and  darkness  had  no  effect  on  the  root  hair  forma-

tion.  Snow  (21)  states  that  the  effect  of  light  and  darkness,  if

any,  is  indirect.  Light,  then,  as  a  factor  has  been  experimented

some

th

Temperature.  —  No  work  on  temperature  as  a  single  factor

has  been  carried  on.  Schwarz  (20)  found  that  a  temperature  of

27-28°C.  did  not  overcome  the  inhibitory  effect  of  water  as  the

roots  grew  smooth.  Snow  (21),  working  with  high  temperatures

plus  moisture,  found  a  decreased  hair  production  brought  about

by  the  increasing  elongation  of  the  internal  cells.

Contact.  —  The  effect  of  contact  has  received  some  attention.

(

stratum

on  corn  seedlings  disappear,  although  soil  particles  are  still  present,

and  suggests  that  it  may  be  due  to  chemical  stimuli  or  retardation

of  growth,  since  it  could  not  be  due  to  contact.  Pfeffer  (18)

denies  that  contact  is  a  factor,  for  he  found  that  on  climbing  roots

hairs  were  produced  on  the  side  near  the  support  where  there  is

the  greater  moisture.  Snow  (21)  grew  corn  seedlings  between

plates  and  found  no  hairs  on  the  sides  touching  the  plates,  while

there  were  hairs  on  the  other  two  sides;  but  again  moisture  may

be  the  limiting  factor  and  not  contact.

Juel  (n)  associated  short  cells  and  root  hairs,  as  also  did  Van

Tieghem  (25)  and  Kraemer  (13),  and  he  finds  that  short  cells

remain  short  if  thev  do  not  form  root  hairs.  Leavitt  (15)  finds

typ The  first  is  that  in  which

(trichome)
the  outer  layer  may

air.  This  is  cl

dicotyledons,  of  some  divisions  of  the  monocot;

Filicales.  The  second  type  is  that  in  which as
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specialized  elements.  These  cells  differ  in  the  formation  of  their

cell  plate,  the  wall  lies  somewhat  diagonally,  and  the  cell  differs

from  the  other  epidermal  cells  in  shape,  size,  and  content.  This

type  he  finds  in  the  Schizaeaceae,  Equisetutn,  Azolla,  Lycopodium,

Phylloglossum,  Isoetes,  Selaginella,  and  in  Nymphaeaceae.  Snow

(21)  finds  that  no  definite  length  can  be  given  as  the  limit  for  the

formation  for  hair  development;  that  in  some  roots  the  average

length  of  piliferous  cells  is  less  than  that  of  the  smooth  cells,  but

that  the  differential  elongation  of  the  epidermal  and  cortical  cells

is  important,  and  that  hair  formation  depends  upon  their  ratio,

that  is,  between  the  capacity  of  the  epidermal  cells  to  elongate

and  their  ability  to  do  so.

Bardell  (i)  comes  to  the  same  conclusion  as  Snow.  A  few

of  the  measurements  given  by  Bardell  are  shown  in  table  I.

TABLE  I

Plant

Pisum  sativum
it  u

Zea  mais
a  u
a  a
u  *
u  «

Length cortical
cell (mm.)

231
179

69
69
40
36

124

Haired epider-
mal cell (mm.)

161  (-71)
139  (-40)

66  (-  3)
69 =
55  (+15)

o
58

Hairless epider
mal cell (mm.)

191  (—4°)
172  (-  7)

77  (+  8)
77  (+  8
55  (+15)
33(3)
62

difficult

mm.  in  length  between  epidermal

same

measurements

than'  or  less  than,  seem

unhaired  epidermal  cells.
Succession.—  Schwarz  (20)  found  that  hairs  were  always

^hile  Devaux  (2)  asserted

amon Haberlandt

(8)  agrees  with  Schwarz  (20),  emphasizing  the  fact  that  no  new

hairs  ever  arise  among  existing  ones.
Position  of  the  nucleus.  —  Haberlandt  (8)  noted  the  posi-

tion  of  the  nucleus  in  Brassica  alba  to  be  at  the  tip.  In  Ptsum
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sativum  he  finds  that  the  protrusion  of  the  root  hair  takes

place  opposite  the  nucleus.  Kuster  (12)  takes  exception  to  this.

In  the  figures  in  Snow's  (21)  work  the  nucleus  has  no  definite

position.

Osmotic  pressure.  —  Pfeffer  (18)  found  the  osmotic  pressure

in  corn  root  hairs  to  be  greater  than  that  of  the  cortical  cells.

Stiehr  (23)  found  that  root  hairs  on  seedlings  of  Spergula  which

had  grown  in  moist  air  when  put  in  a  1  per  cent  magnesium  solu-

tion  burst  at  once,  the  nucleus  being  thrown  out,  and  that  always

a  greater  percentage  of  the  younger  hairs  burst.  Ganong  (7)

found  that  the  root  hairs  of  Salicornia  withstood  90  per  cent  salt

water,  Suaeda  maritima  60-70  per  cent,  and  Atriplex  patulum

40  per  cent.  Drabble  and  Lake  (3)  found  that  in  mesophyll

same

of  the  cell  sap  is  generally  the  same,  and  in  the  plants  of  any  area

the  osmotic  pressure  varies  with  the  physiological  scarcity  of

water. from  the

showing  high  pressures  in  dry  desert  conditions  show  much  lower
_  _  —  —  -  *  *

in  moist

adjust  their  osmotic  pressure  to  the  medium.  Eckerson  (4)

found  that  the  root  hairs  were  plasmolyzed  by  sucrose,  varying

from  o.  20  ju  to  o.  30  ju.  Stance  (22)  found  that  in  water  cultures

with  nutrient  solutions  of  high  concentrations  the  osmotic  pres-

sures  of  roots  are  much  higher  than  others;  bean  and  pea  in  moist

soil  have  pressures  of  6.  25N  KN0  3  when  growing  in  concentrated

medium

Membranes.—  Schwarz  (20)  found  that  the  membrane
hich

chlorzinc  iodide,  and  an  outer  layer  which

yellow  brown.  This  outer  layer  is  a  mucilage  which  is  hard  in

dry  soil,  and  as  moisture  increases  strongly  swells  and  finally  goes

into  solution.  The  mucilage  layer  gives  no  color  with  iodine  and

sulphuric  acid,  but  stains  red  in  an  alcoholic  solution  of  acid

carmine.  Hesse  (0)  measured  the  thickness  of  the  membranes

many He

family

family
mem
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brane  varies  with  the  medium;  and  that  in  Rosa  canina  growing

in  a  dry  situation  the  root  hair  has  a  stiff  pointed  apex  and  that

the  membrane  is  of  lignin,  but  that  in  moist  air  no  lignin  is

found.

Liquid  medium.  —  Calcium  nitrate.  —  Schwarz  (20)  found  that

15  per  cent  of  calcium  nitrate  inhibited  hair  production.  Kraus

(14)  found  roots  richly  haired  in  calcium  nitrate.

Potassium  nitrate  —  Bardell  (i)  found  that  the  root  hairs

on  Zea  mais,  Triticum  vulgare,  A  vena  sativa,  and  Tradescantia  sp.

tend  to  decrease  as  the  fractional  solutions  of  KN0  3  increase  in

strength  from  o.  01  normal  to  o.  09.

Salt.  —  Hill  (10)  found  that  in  Salicornia  and  Suaeda  the  root

hairs  can  regulate  their  osmotic  pressure  in  proportion  to  the

osmotic  pressure  of  the  soil  water.

Bogs.  —  Transeau  (24),  working  on  bog  plants,  found  that

Larix  roots  when  not  surrounded  by  water  develop  root  hairs

abundantly.  Rigg  (19)  used  the  development  of  the  root  hairs

of  Tradescantia  as  an  indicator  of  the  presence  of  toxins.

Food  supply.  —  Schwarz  (20)  found  that  in  reducing  the  food

supply  by  removing  portions  of  the  endosperm  the  length  of  zone

of  root  hairs  decreased.  Snow  (21)  experimented  with  Helianthus

and  found  that  those  with  the  most  cotyledon  remaining  had  the

best  formation  of  root  hairs.

Investigation \

This  investigation  was  prompted  by  the  fact  that  the  presence
or  absence  of  root  hairs  is  so  often  used  as  an  indicator  of  the

effect  of  changed  external  conditions.  That  the  effect  of  the

varying  conditions  might  be  known,  it  seemed  well  to  try  to

determine  the  varying  factors  within  the  epidermal  cell  of  the  root,

as  well  as  the  effect  of  the  varying  factors  without  and  their  recip-

rocal  relations.

In  order  to  picture  as  definitely  as  possible  all  the  forces  which

might  be  affecting  the  epidermal  cell,  we  may  consider  the  aver-

age  epidermal  cell  as  having  the  form  similar  to  fig.  *•  Here  1

is  seen  that  on  four  sides  (2,  3,  4,  5)  the  epidermal  cell  adjoins

another  epidermal  cell,  while  on  the  inner  side  (6)  it  faces  the  wa
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of  a  cortical  cell,  and  on  side  i  it  is  exposed  directly  to  the  varying

external  conditions.

In  fig.  2,  which  is  a  median  section  of  fig.  i,  the  following  factors

need  to  be  considered:

of  walls  i  j  2,  4,  6;  (b)

(c)  the  osmotic  pressure  on  both

sides  of  walls  2,4,6,  and  inside

1;  (2)  liquid  medium,  (a)  the

physical  character  of  walls  /,

2,  4,  6;  (6)  the  chemical  nature

of  walls  1,  2,  4,  6;  (c)  the

osmotic  pressure  on  both  sides

(1)  air  medium,  (a)  the  physical  character

the  chemical  nature  of  walls  1,  2,  4,  6;

of  walls  1  j  2,  4,  6;  (3)  let

cells.

A  few  measurements

made  of  the  length  of  wj

>/

1

Fig. 2Fig. 1

Figs,  i,  2.
mal  cell;  fig.  2,  median  section  of  fig.  1.

form

comparison  with

unhaired same

TABLE  II

Condition Epidermal cell
in mm.

Adjoining corti
cal cell in mm.

Haired . .
u

u
u
u
a
a
u
a

Unhaired
a
u
a

a

35
45
37
60
44
37 ■
40
20
40
60
40
45-40
40
20
12
32

3°
3°
37
5°
40
55
50
10
40
60
80
80
40
20
20
42

root,  the  haired  epidermal  cells  being  those  just  above  water

the  unhaired  just  below  water,  with  the  results  shown  in  table

These  measurements,  although  few,  indicate  that  there  is no
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definite  relation  between  the  length  of  the  cortical  cell  and  the

epidermal  cell  which  decides  whether  the  epidermal  cell  shall

become  extended  into  an  outgrowth  or  not.  Fig.  3  shows  a  haired

cell  longer  than  the  adjoining  cortical  cell,  and  fig.  4  shows  two

short  epidermal  cells  adjoining  one  cortical  cell.  These  measure-

ments  are  corroborated  by  observations  made

throughout  the  work,  many  forms  and  all

possible  variation  in  length  of  cortical  and

epidermal  cells  being  found.

Position  of  nucleus.  —  The  position  of  the

nucleus  has  been  found  to  have  no  relation

whatever  to  the  hair  or  to  its  initial  forma-

tion.  When  the  wall  first  swells,  the  entire

wall  bulges;  later  there  is  a  greater  swelling

in  one  portion  of  it,  the  nucleus  may  not  be

near  that  portion;  if

I

Fig. 3 Fig. 4

Figs.  3,4.—  Fig.  3,
haired  cell  longer  than
adjoining  cortical  cell;  the  nucleus  is  near
fig.  4,  two  short  epider-
mal  cells  adjoining  one
cortical  cell.

that  portion,  it  may

not  follow  the  growth

of  the  hair  and  be

found  near  the  tip  of  the  hair,  but  remain

in  the  base  of  the  hair  or  in  another  part

of  the  cell.  There  appears  to  be  no  rela-

tion  between  the  position  of  the  nucleus

and  the  formation  of  the  hair.

I.  IN  AIR  MEDIUM

Fig. 5 Fig. 6

Figs,  s,  6—  Fig.  5,  bulg-
a)  The  physical  character  of  walls  1,2,

4,  6.  —  The  first  evidence  of  the  formation

of  a  root  hair  is  the  bulging  of  the  entire  "^  °  entire  .'  J  '  h  '
°  °  m  showing  a  narrowing  ot  tne

wall  i,  as  shown  in  fig.  5;  then  a  portion  swo  Uen  portion.

of  the  wall  stretches  more  than  the  rest

and  there  is  a  narrowing  of  the  swollen  portion,  as  in  fig.  6;  but  it

may  be  noted  that  the  base  of  a  root  hair  is  always  greater

in  diameter  than  the  rest  of  the  hair,  as  in  fig.  7.  Seedlings  of

endive  and  lettuce  demonstrate  this  fact.  Branching  of  the  hairs

is  common,  indicating  a  difference  in  the  physical  character  of  the
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wall  i\  Sometimes

main

fig

of

some

membranes

when  the  hairs  are  placed  in  water,

or  in  a  solution  which  has  an

osmotic  pressure  lower  than  that

of  the  root  hair  cell,  as  shown  in

fig.  10;  whereas  plasmolysis  occurs

when  the  root  hairs  are  placed  in

a  solution  of  higher  osmotic  strength

(fig.  n).  The  root  hair  remains  normal  when  placed  in  a  solution

of  an  osmotic  pressure  equal  to  that  of  the  cell  content,  as  in  fig.  12.

Fig.  7.  —  Base  of  the  root  hair
greater  in  diameter  than  the  rest  of
the  hair.

Fig. 10

Fig. 11
Fig. 8 Fig. 9

- **T1
Figs.  8,  9.  —  Fig.  8,  branch  of  the  root

hair  of  less  diameter  than  the  main  hair;
fig.  9,  branches  of  equal  diameter.

tmm * »
Fig. 12

Figs.  10-12.—  Fig.  ro,  root
hair  grown  in  moist  air  and

The  following  forms  when  grown  in  placed  in  water,  membrane

moist

immediately

uistard.  Nas-

Xanthium

These  when  mounted  in  a  solution  of  P  ace

burst  and  content  escaped;
fig. 1 1 , root hair which has been
in  a  solution  of  an  osmotic
pressure  higher  than  that  of  the
root  hair;  fig.  12,  root  hair

a  solution  of  anin

osmotic
osmotic  pressure  equal  to  that
of  the  cell  content.

the  osmotic  pressure  of  the  cell  in

remain

of  higher  osmotic  pressure  is  used.  The  a

a  part  of  the  content  of  the  cell  is  ejected.

and

throw
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FIG. 13 Fig. 14

out  if  it  happens  to  be  at  the  tip  of  the  root  hair,  but  in  case  it  is

in  or  near  the  base  of  the  cell  it  remains  within  the  root  hair.

The  break  in  the  wall  is  immediately  closed  as  the  membrane

springs  back,  and  it  is  hard  to  detect  the  point  of  rupture  except

for  the  position  of  the  escaped  protoplasmic  contents.  The

younger  cells  are  more  likely  to

burst  than  are  the  older  ones.

Fig.  13  (a)  shows  a  radish  root

hair  mounted  in  o  .  24M  sucrose

solution;  fig.  14  (b)  is  the  same

cell  after  being  put  in  a  o  .  40M

sucrose  solution.  It  is  to  be

Figs.  13,  14—  Fig.  13,  root  hair  mounted  no  ted  that  the  walls  corre-
in  0.24M  sucrose;  fig.  14,  root  hair  after  t  .  .  ^  —.  u.
,  .  ,  A  1  «  spondiner  to  2,  4,  6  are  only
being  placed  in  0.40M  sucrose.  »fc#w*%***  &*">?>  j

very  slightly  changed,  and

wall  1  has  decreased,  thus  showing  that  even  in  the  same  cell  the

physical  condition  of  wall  1  is  unlike  that  of  walls  2,  3,  6.  In  cells

which  do  not  burst  when  mounted  in  water,  the  surface  of  wall  1  is

increased,  as  evidenced  by  a

swollen  tip  which  may  or  may

not  assume  odd  shapes.  This

indicates  that  wall  1  of  these

plants  has  a  greater  resistance,

thereby  indicating  a  variation

in  the  epidermal  cells  of  differ-

ent  plants,  as  well  as  a  differ-

ence  in  wall  1  from  walls  2,  4,6.

It  is  frequently  seen  in  many

Fig.  15.—  Short  root  hairs  mingled  with
forms,  for  example,  alfalfa,  cab-

bage,  and  Verbascum,  that  short

root  hairs  are  mingled  with  long

ones,  giving  the  appearance  of  younger  and  older  ones

long ones.

being

together  (fig.  15).  The  difference  may  be  one  of  time  of  formation

or  of  a  variability  in  the  growth  of  wall  1;  at  least  in  these  forms

the  length  of  the  hairs  is  not  a  grading  one  as  seen  in  the  forms

usually  figured.
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It  will  be  seen  fromThe  chemical  nature  of  walls  i,  2,  4,  6  —

table  III  that  a  majority  of  the  forms  investigated  have  a  wall

made  up  of  two  parts,  an  inner  membrane  which  gives  the

with and  IKI,  and  an  outer

membrane  which  stains  red  with  Ruthenium  red,  denoting

pectin.  That  this membrane  is  calcium

ddition  of  ammonium m

breaks  down  and  calcium  oxalate  crystals  are  formed.  It  will  be

seen  that  some  forms  have  a  third  membrane  at  the  tip  of  the  root

hair.  This  membrane  stains  with  all  the  callose  stains,  blue  with

aniline  blue  and  resorsin  blue,  red  with  corallin  soda.  It  will  be

noted  that  corn  is  the  only  form  examined  which  has  one  membrane

and  that  of  cellulose.

TABLE  III

Plant

Alfalfa
Amaranthus
Barley
Corn
Corn  salad
Cabbage
Daucus  carota
Morning-glory
Mustard
Nasturtium
Pea
Sisymbrium
Tobacco
Tradescantia
Vanilla
Ceraptopteris

Chemical nature of root hair membranes

Inner

Thin  cellulose

Outer At tip

«
Thick
Thin

u

u

Thick
u

Thin

Thick
Thin
Thick

«
it

«
u
«
a
u
u
u
a

a
u

Thick  pectin
a  a
u.

Thick
Thin

u
u
u

Thick
U

Thin
Thick
Thin

m
U

«

U
u
u
u
u
u
u

a

Callose

Callose

Callose

Callose

Callose

The  walls  2,  4,  6,  and  1  are  alike  in  that  they  all  have  an  inner

membrane

membra

some
hair membrane

middle There  is

then calcium
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The  relative  thickness  of  the  membranes  having  cellulose

and  pectin  layers  varies  with  the  different  plants,  the  cellulose

layer  being  uniform  over  the  hair,  while  the  pectin  is  quite  often

thinner  near  the  tip.  Fig.  16  shows  the  tip  of  the  root  hair  of

Nasturtium  with  the  two  layers,  the  outer  of  pectin,  and  the  inner

of  cellulose.  Fig.  17  shows  another  Nasturtium  root  hair  after  it

had  been  in  ammonium  oxalate;  the  calcium  pectate  has  been

changed  to  calcium  oxalate  and

pectic  acid.  The  calcium  oxa-

late  crystals  are  shown  in  the

figure.  The  addition  of  Ruthe-

fig.  16  fig.  17  nium  red  now  gives  no  color

Figs.  16,  17.—  Two  layers  of  the  except  a  faint  tinge  of  pink

root  hair  membrane;  fig.  17,  Nasturtium  about  ^  crysta  l  s?  due  to  the
root  hair  after  being  in  ammonium  ,  .  ,  „  r  ,i  .

presence  of  pectic  acid.  Witnm

the  cell  there  are  always  masses

of  pectic  substances;  this  is  not  calcium  pectate,  as  it  does

not  break  down  on  the  addition  of  ammonium  oxalate,  but  still

dves  the  color  with  Ruthenium  red  after  treatment  with  ammo-

oxalate.

mum

may

with  their  respective  solvents. membrane

HC1  and  2  per  cent  KOH

ammonia.

The  fact  that  the  soil  particles  are  held  to  the  hair  by  the  trans-

formation  of  the  outer  laver  into  mucila ?

m In  the  case  of  corn

mucila

of  cellulose,  whereas  in  a  Coleus  root  growing  in  the  soil  the  soil

particles  are  held  to  the  hair  by  a  pectin  mucilage.

epidermal

from  which

assium  permanganate

that This  has  often

used  to  differentiate  in  a  general  way  the  stem

of  a  seedling.  The  chemical

epidermal  cells  above  those  forming
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calcium

epidermal It  stains  red

with  Sudan  III  and  is  insoluble  in  50  per  cent  chromic  acid.  This

wall  1  of  the  epidermal  cell  of  the  stem  is  then  chemically  different

and  physically  of  greater  rigidity.

pressure  on  both  sides  of  walls

i sm

02M-0.04M

molyzes  the  epidermal this

wall  6  there  is  a  greater  pressure  than  on  the  inside;  whereas  on  the

outside  of  2  and  4  there  is  a  pressure  equal  to  that  on  the  inside.

On  the  outside  of  wall  1  there  is  a  pressure  of  one  atmosphere.

The  variation  between  the  outside  and  inside  pressures  of  wall  6

is  small,  but  there  is  a  great  variation  in  the  pressures  upon  the  two

sides  of  wall  1.  Table  IV  gives  the osmotic

similar  c • . *

TABLE  IV

Plant

Alfalfa
Amaranthus  .
Barley
Corn
Corn salad .  .  .
Cabbage
Celery
Daucus  carota
Endive

Osmotic pressure of
root hair

. 24M s

Plant

Lettuce.  .  .  .
Mustard.  .  .
Nasturtium  .
Pea
Radish
Sisymbrium .
Sunflower.  .  .
Turnip

Osmotic pressure of
root hair

. 30M
O.22M
0.28M
O.22M
O.28M
O.24M
O.22M
o . 30M

u
u
u
u
u

asmo

tion  of  sucrose  between 2M-0 sucrose,  except  barley.

This  is  the  equivalent  of  5  .  10-7  •  7°  atmospher Two  facts  are

minimum

ence  of  4  atmospheres  between  the  pressure  upon  the  inside  and

upon  the  outside  of  wall  1;  and  second,  that  under  similar  conditions

there  is  a  remarkably  slight  variation  in  the  osmotic  pressure  of

root  hairs  of  seedlings  of  different  genera.  Some  roots  respond

more

media corn
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response.  The  formation  of  the  root  hair  is  inhibited  by  removing

the  covers  of  the  Petri  dishes  in  which  the  seedlings  are  growing.

Regions  of  no  root  hairs,  corresponding  to  the  growth  made  during

the  removal  of  the  cover,  followed  in  regions  of  hair  formation  at

the  period  of  its  replacement.

A  series  of  corn  seedlings  was  grown  in  air  of  a  known  moisture

content.  This  was  controlled  by  percentage  solutions  of  sulphuric

acid.  The  corn  was  soaked  for  24  hours  and  then  hung  on  cork

plates  in  bottles  which  were  one-third  filled  with  the  varying

solutions.  The  bottles,  which  were  corked  and  paraffined,  were

all  placed  in  a  water  bath  kept  at  24°C.  The  measurements  in

table  V  represent  in  each  case  the  average  of  5  sets.

Table  V  shows  that  the  cutting  down  of  the  moisture  content

affects  the  length  of  the  root  hair  more  than  the  length  of  the  root
■

or  the  diameter.

2.  IN  LIQUID  MEDIUM

The  physical  character  of  the  walls.—  There  is  a  variation  in

the  wall  of  the  corn  in  different  media.  In  moist  air  the  wall  is

uniform formed  the  hair  is  thickened

>/ chemical

walls  is  under  investigation.
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wtic  pressure  on  both  sides  of

osmotic  pressure  may  be  m

The  only  wall

the  outside  of  wall  1.  Radish  seedlings  were  grown  in  sucrose

osmotic

pressure  on  the  outer  wall.  The  results  obtained  as  the  average

of  several  series  are  given  in  table  VI.

TABLE  VI

Grown in Diameter root
in 1/100 mm.

Length hair in
1/100 mm.

Air
Water
0.02  molecular  sucrose
0.04  «  «
0.06  "  «
0.08  "  *
0.10  «  ■  .
0.12  "  "
0.14  «  «
0.16  «  u  .
0.18  «  "  .
0.20  «  *  .
0.22  *  "
0.24  «  "
0.26  «  «  .
0.28  «  «  .
0.30  «  «  .
0.32  "  "  .
0.34  «  *  •
0.36  "  "
0.38  "  "  .
0.40  «  «  .
0.42  «  «  .
0.44  "
O.48
0.48  «  «
0.52  «
0.60  "
0.65  «

60
40
40
40
40
40
20
40
55
3°

o
o

20
3°
30
50
40
3°
40
15
20
3°
20
5°
70
o

5°
5°
5°

50
30
20
40
50
20
60
60
40
10
20
10
10
20
20
40
10
40
10
10
20
15
15
15
o

20
o

10

Osmotic
pressure

28
38
42
42
42
49
40
42
44
48

o

50
65
60
65
65

o
70
75
65

o
o

70
75
o

80
90

100

Difference
between osmotic
pressure of root
hair and medium

28
38
40
38
36
32
3°
3°
30
32

o
o

38
41
34
37
35

o
36
39
27
o
o

36
29
o

28
30
35

It  is  seen  that  as  the  concentration  of  the  media  increases  tne

osmotic  pressure  of  the  root  hair  increases  almost  in  direct  propor-
tion.  Thus  the  root  hair  maintains  an  osmotic  piessure  from  4  to  6

atmosph

Difia

■^

The  effect  of  different  media  on  the  two

was  determined.  Petri  dishes  were  filled

wore  attached  to  the  edge,  and  the  roots
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grew  upon  the  solutions.  The  upper  half  of  the  root  was  in  moist

air  and  the  lower  half  in  the  solutions.  The  roots  grew  straight,

so  that  curvature  could  not  account  for  the  difference  in  the  forma-

tion  of  the  root  hairs.

The  measurement  of  the  length  of  cell  walls  as  an  indication  of

differential  growth  seems  of  little  value  unless  the  number  of  the

cells  in  any  region  is  taken  into  account.  Since  there  is  not  an

epidermal  cell  corresponding  to  each  individual  cortical  cell,  it

would  seem  that  the  sum  total  of  the  epidermal  cells  should  be

known  in  order  to  determine  differential  elongation  as  a  factor.

So  far  as  known,  the  measurements  taken  were  of  individual

adjoining  cortical  and  epidermal  cells.
Bardell's  own  measurements  show  that  for  corresponding

epidermal  and  cortical  cells  there  is  no  definite  relation  in  length

which  would  cause  the  epidermal  cell  to  produce  a  root  hair,  as

neither  do  the  measurements  found  here  on  corn.

The  factors  which  determine  the  initial  swelling  of  the  outer

wall  of  the  epidermal  cell  are  of  primary  importance,  while  other

factors  come  in  which  determine  the  later  growth  into  a  root  hair.

It  has  been  proved  in  root  hairs  that  there  are  portions  of  wall  1

less  resistant  than  others.  The  bursting  of  the  root  hair,  the  swell-

ing,  the  branching,  and  the  varying  thickness  of  the  membrane,

all  give  evidence  of  this.  The  indications  are  that  such  weaker

places  exist  in  the  membrane  at  the  time  of  root  hair  formation,

although  this  has  not  yet  been  proved  definitely.  These  weaker

regions  would  determine  the  region  of  the  wall  in  which  the  locah-
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zation  of  swelling  takes  place,  which  immediately  follows  the

initial  swelling  of  wall  1.

The  position  of  the  nucleus  can  have  nothing  to  do  with  the

initial  swelling,  as  the  swelling  is  over  the  entire  length  of  the

wall  1.  Since  the  weaker  places  bear  no  relation  to  the  position

of  the  nucleus,  the  nuclear  position  can  in  no  way  affect  the  forma-

tion  of  the  root  hair.

In  this  discussion  the  second  type  given  by  Leavitt  is  not  con-

sidered,  the  type  in  which  only  specialized  epidermal  cells  form

root  hairs.  Preliminary  observations  indicate  that  the  osmotic

from

there  are  doubtless  other  factors  determining  the  hair  formation.

Investigations  so  far  indicate  that  there  are  two  factors  of

importance  in  the  initial  formation  of  root  hairs.  One  is  the

unequal  pressure  acting  upon  either  side  of  wall  i;  the  other  is

the  variation  in  the  physical  character  of  the  wall.

The  difference  in  pressures  on  the  two  sides  of  walls  2,  4,  6  is  so

much  less  than  the  difference  on  the  two  sides  of  wall  1  that  it  is

negligible.  The  osmotic  pressure  of  the  root  hairs  of  the  pla

i  when  grown  in  moist  air  shows  slight  van

examined  the  osmotic  pressure  approximate

In

pheres.  The  walls  2,  4,  6  have  an  opposing  pressure  equal  to  or

tmosphe

atmosph

atmosphere,  when  the  root  is  grown  in  moist  air.  This

pressure  is  sufficient  to  account  for  the  initial  swelling  of  wall  1.

The  result  of  increasing  the  osmotic  pressure  on  the  outside  of

wall  1  by  growing  radish  seedlings  in  sucrose  solutions  of  increasing

osmotic  value  proved  that  the  opposing  pressures  on  either  side  of

wall  1  still  maintained  a  balance  of  at  least  4  atmospheres  in  favor

of  an  outward  pressure.
Root  hair  formation  is  retarded  when  the  moisture  content  of

the  air  is  decreased.  This  is  shown  by  the  experiments  with  seed-

lings  grown  in  Petri  dishes  in  alternating  dry  and  moist  air,  and

in  those  grown  over  sulphuric  acid  solutions.  Reduced  moisture

affects  the  membranes  by  decreasing  the  extensibility  of  the  walls

due  to  an  increase  in  the  elasticity  of  the  colloids.  The  osmotic
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pressure  of  the  cell  content  is  also  increased  by  the  modification  of

the  moisture  content  of  the  air,  but  this  is  less  effective  because  of

the  greater  effect  of  the  reduced  moisture  content  upon  the  char-

acter  of  the  wall.

The  effect  of  reduced  moisture  content  is  again  demonstrated

in  the  experiments  with  differential  media.  In  the  case  of  Helian-

thus  the  effect  of  the  sucrose  molecule  upon  the  colloids  of  the

membrane  and  in  the  radish  of  glucose  is  to  decrease  the  moisture

content  and  the  extensibility  of  the  wall.

The  wall  is  found  to  be  composed  of  an  outer  membrane  of

calcium  pectate  and  an  inner  membrane  of  cellulose.  The  only

exception  so  far  is  in  corn.  A  partial  third  membrane  of  callose  is

present  in  some.  The  amount  of  callose  is  so  small  and  so  little

is  known  of  its  chemical  nature  that  for  the  present  it  seems  unim-

portant.  The  cellulose  layer  is  important  in  that  it  gives  greater

strength  to  the  wall.

The  pectin  layer  and  also  the  pectic  substances  within  the  cell

are  very  important  in  the  absorption  and  the  retention  of  water,

since  pectin  is  a  hydrophyllous  colloid;  and  for  this  reason  must

influence  the  development  of  root  hairs.  The  cations  and  the

anions  of  the  mineral  substances  in  solution  increase  or  decrease

the  absorptive  capacity  of  this  membrane  according  to  a  definite

known  manner,  as  indicated  in  the  lvotrooic  series,  investigations
9

made

Summary

1.  The  initial  formation general

epidermal

produced
osmotic  Dressure  which  is  mam

tained  on  the  inside  of  the  wall.

3.  Further  swelling  followed  by  growth  takes  place  at  the  less

resistant  portion  of  the  wall.

4.  This  region  bears  no  relation  to  the  position  of  the  nucleus.

5.  The  wall  of  the  root  hair  is  composed  of  two  parts,  an  inner

membrane  of  cellulose  and  an  outer  membrane  of  calcium  pectate.
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6.  The  presence  of  this  membrane,  together  with  the  fact  that

the  soil  particles  are  held  to  it  by  a  pectin  mucilage,  accounts  for

the  high  efficiency  of  the  root  hair  as  an  absorbing  organ.

University  of  Chicago
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