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Abstract. The exodermis of ash roots is initiated early in the apical meristem. When fully 
differentiated, it is composed of alternating "long" and "short" cells measuring approx. 70 • 25 • 
• 25 ~m and 25 • 28 • 25 ~zm respectively. At a short distance from the apex, the long cells 
undergo structural and histochemical changes from a "primary" towards u "secondary" stage: 
an impermeablo suberized lamella is formed, cellulose lamellae become impregnated by lignin, 
and the protoplast dies off. The short cells show a distinctly thickened outer wall ("cap") which 
is composed exclusively of cellulose, and possess abundant cytoplasm with a large nucleus. 
In the process of ageing the structure of short cells is not markedly affected. Following tho 
early disintegration of rhizodermis, the exodermis works as the external protective layer of the 
fragile end-root. Its long cells fulfil the mechanical protection, the short cells serve as passage 
cells for solutions and gases, during the whole life-span of the rootlet. 

A well defined exodermis  is a character is t ic  fea ture  of  the  p r i m a r y  end- 
roots  of the ash ( F r a x i n u s  excels ior  L.), forming a dis t inct  layer  just  benea th  
the  rhizodermis.  The shape and  s t ruc tu re  of  its cells differ p ro found ly  f rom 
the ne ighbour ing  rh izodermis  and  cor tex pa r enchyma .  This also suggests  
a different func t ion  of  the  exodermal  layer.  

The types  and  s t ruc tu r e  of  the  exodermis  were extens ive ly  s tudied b y  
KlCOEMEI~ (1903). Accord ing  to his own nomencla ture ,  the subrh izodcrmal  
layer  is called " t h e  in te rku t i s " ,  a name  s y n o n y m i z e d  wi th  " the  hypode rmi s "  
and  " the  exodermis" .  K r o e m e r  found  four  different types  of exodermis:  
homogeneous  exodermis  (Einheit l iche In te rku t i s )  wi th  one layer  of long 
cells (1), or wi th  several layers  of  long cells (2); he terogeneous  exodermis  
with one layer  of  a l te rna t ing  shor t  and  long cells (Kurzzel len In te rku t i s )  (3), 
or wi th  one layer  of  a l t e rna t ing  shor t  and  long cells accompan ied  b y  several 
layers  of long cells (Gemischte In te rku t i s )  (4). K r o e m e r  described the  charac-  
terist ic fea tures  and  deve lopmen t  of  long cells, dis t inguishing a p r i m a r y  
stage (thin cellulose walls, absence of  cut inizat ion,  and  Caspar ian strips, 
p ro top las t  wi th  central  vacuole ,  and small nucleus) and  a secondary  stage 
(walls wi th  suberin lamellae, somet imes  lignified, p ro top la s t  of ten  dead).  
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Similarly the structure of short cells was described (definite shape, forma- 
tion of thickened outer tangential wall, a large amount of cytoplasm with 
a large nucleus, absence of suberization in cell walls, a sort of lignification 
of thickened "cap"). In a chapter dealing with the thickened outer wall 
("Kappe", "cap") in short cells, Kroemer identified several types of thicken- 
ing. In underground roots, the "cap" is built internally by the protoplast 
of the cell itself, the inner layer consists of pure cellulose, the outer layer 
is lignified. The "cap" occurs just beneath the apical meristem and, therefore, 
is considered to be a normal product of living cells, and not a feature of 
ageing or decreased permeability. In a comprehensive list of plant species 
possessing the exodermis in roots, Fraxinus excelsior is classifizd as a plant 
with the heterogeneous exodermis (Kurzzellen Interkutis). 

GUTTE~rBERO (1940, p. 88--100) reviewed the data known so far, and 
divided exodermis in two basic types: the homogeneous exodermis (without 
short cells), and heterogeneous exodermis (with short cells). The author 
considers the short cells as "passage cells". 

xCA~ FLEET (1950) compares the anatomy and histology of the exodermls 
.grid the endodermis in some roots; using histoehemical reactions he proved 

marked similarity between both structures concerned. 
In  a paper on mycorrhizae of the ash, JENIK and KtrBi~:ov)_ (1961) re- 

ferred ~o the presence of exodermis in rootlets of Fraxinus excelsior without 
giving many structural details; the role of the short cell in the penetration 
,of 'fungal hyphae was emphasized. 

Concerning the terminology, GVTTE~BEgG (1940) uses the term "the 
,exodermis" (see also EsAv 1960) introduced by VgrLLn~r~r (1884, see. 
K~OE~,R 1903), while the older term "the hypodermis" is still used in 
some recent works ( E A ~ s  and I~ACD)~IqlELS 1947, VA~ FLEET 1950). 
Y~XOE~m~'S term "the interkutis" was not accepted. In this paper preference 
is given to the term "bhe exodermis". 

This paper aims at giving a detailed explanation of the structure and 
development of exodermis in primary end-roots of the ash (Fraxinus excel- 
,slot L:) with some observations on environmental effects. 

Methods 

Observations of the shape and structure of the exodermis were carried 
,out on permanent slides prepared by the usual anatomical techniques and 
stained by a combination of safl'anin and aniline blue. 

Histochemical reactions on sub~rin, ligain, callose, pectin and cellulose 
were dose on fixed (FAA) an.t/or live rootlets cut by thv freezing microtome. 
The  procedures given in Jm~sE~r (1962) were followed. For the determination 
.of the polysaccharide components of cell walls, the extraction procedure for 
~he use with the periodic acid-Schiff's reaction was employed (JE~ISE~ 
11962). 
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Results 

Several years of study in the root system of Fraxinus excelsior confirmed 
beyond any doubt the constant presence of an exodermis in primary end- 
roots. The root system of the ash exhibits an atypical heterorhizis (Ktrsi- 
HovX 1967), e.g. the brachyrhizae (short roots) are not distinctly shortened, 
and represeut the bulk of the primary distal roots. Therefore, if not stated 
otherwise, the following observations describe the features of the brachy- 
rhizae. 

Anatomy of the exodermis 

The exodermis is formed by alternating long and short cells (Kurzzellen- 
Interkutis KROEM~,~ 1903, Exodermis mit Durchlasszellen GUTTW~-BERG 
1940). 

The characteristic shape of long and short cells is shown in Figs 1 to 3. 
On radial section, the long cells exhibit a rectangular shape, contrary to 
the short cells, which are wedge-like and narrowed towards the centre of 
the root. The outer wall of the short cell is markedly thickened (3 to 7 #m), 
somewhat vaulted, and consisting of several layers. The term "cap" in 
connection with this structure is fully justified. The short cells appear, on 
the radial section, to be shifted outwards into the neighbouring rhizodermis. 
On the cross section, the shape of the long and short cells does not differ 
very much, though the thickened cap can indicate the presence of a short 
cell. Very instructive is the tangential section showing regular alternation 
of long and short cells. Long cells have very little cytoplasm and a large 
vacuole; most of the older cells are dead; short cells, on the contrary, have 
a large amount of cytoplasm and a large nucleus well stained by the above 
mentioned dyes. 

In some samples, the dimensions of the long and short cells were measured 
on the longitudinal sections. The results are given in Tab. 1. Comparison of 
the numbers show relative stability of the dimensions of short cells; similarly 

Table 1 
Dimensions of the long and  short  cells on the longitudinal radial sections (in ~m) 

Rootlets sampled in the  Vl tava  
Val ley  in Sept. 1959 

Rootlets sampled in the  Berounka 
Valley, in Nov. 1959" 

Macrorhizae sampled in Petrovico 
(okr. Klatovy) in Dec. 1959" 

Long cells 

tang. 
dimen. 

75.2 4- 3.29 

64.9 

66.1 

I radial 
I dimen. 

27-3 4- 0.91 

22.7 

29.6 

Short  cells 

tang. radial 
dimen, dimen. 

28.3 4- 0.9 28.2 4- 0.9 

25.2 28.3 

28-9 31.5 

* Because of scarcity of the  material ,  the  s tandard  deviation was not  counted 
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the radial dimensions of long cells are relatively stable. The tangential di- 
mensions of the long cells, on the contrary,  fluctuate greatly. According to 
my observations, this dimension depends to a large degree on the age arLd 
the diameter of the root. Closer to the apical meristem, the long cells are 
shorter and they  gradually elongate to optimal length; the short cells, how- 
ever, do not  change much after their differentiation. Similarly, smaller 
roots have relatively smaller cells than bigger roots. 

Histochemieal composition of exodermal cell wall 

The cell walls of the long and short cells differ profoudly: while the walls 
of the long cells react possitively with Sudan I I I  and phloroglucinol d- HC1, 
thus showing the presence of suberin and lignin, the walls of the short cells 
react negatively. The reactions for t~ectins and callose were negative in 
both  types,  neither was the reaction for cellulose with the use of chlorzine- 
iodium definite. 

To get the precise composition of exodermal cell walls, the extraction 
procedure was used (,l~r162 1962). This method enables the gradual ex- 
t ract ion of pectic substances, hemicellulose and noncellnlosic polysaccha- 
rides. Cellulose is the last remaining substance. After the extraction of 
a certain substance, the slides are stained by  periodic acid-Schiff's reagent 
(PAS). The intensity of colouration compared with the control, shows the 
presence or absence of a certain substance. The method was repeated several 
times on sections of apical parts of pr imary end-roots sampled in the Botanic- 
al Garden Charles University,  Prague, in April 1967. The results are sum- 
marized in Tab. 2. and they  are shown in Figs. 4 to 7, 8 to 11. From this 
material,  it may  be concluded tha t  exodermis contained a great deal of 
pure cellulose, the "caps"  were composed almost entirely of cellulose. 

Table 2 
l~esults of the extraction procedure of the polysaccharide cell wall components 

Treatment Control Pectins extracted Hemicelluloses ~Toncellul. poly- 
Tissues extracted saech, extracted 

Rhizo- 
dermis 

Exo-  
dermis 

Cortex 

Stai~led red, at- 
tached detritus, 
numerous root 
hairs 

Stained rod, 
"caps" distinct 

Stained red, 
numerous starch 
grains, endophytic 
fungus present 

Red eolouration 
unchanged 

Red colouration 
unchanged 

Marked disin- 
tegration of 
middle lamellae, 
red colouration 
fading 

Disintegration 
of cells, only 
remnants left 

Red eolouration 
fading, the struc. 
ture only little 
influenced 

Red colouration 
disappearing, starch 
grains disintegrat- 
ing, marked struc- 
tural changes, ex- 
traction of endo- 
phyte 

I 

Small uncoloured 
cell remnants  

Light, distinct 
red colouration of 
the whole layer, 
mainly of "caps" 

Great structural 
changes, whole 
layer uncolourcd 
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The development of the exodermis 

The exodermis differentiates in the apical meristem. Not  far behind the 
root tip, at  a distance of about  1 mm, the exodermis is a lready typical ly 
composed of lorLg and short cells. The long cells are in a pr imary  stage -- 
the cellulose walls are without  any impregnation. This pr imary  stage lasts 
a very short time even in an actively growing root, in the spring; at  a di- 
stance of appr. 10 mm from the apex the suberin lamella is a lready built; in 
the next 5 mm portion, the cellulose lamellae get impregnated b y  lignin. Short 
cells are not change:l b y  ageing, a more or less thickened "cap"  is formed 
close to the apex. The suberization and/or lignification do not  occur. K~o~- 
~ (1903) described the lignifi~ation of the "caps" ,  a feature which was 
not observed in any of the ash roots studied in this work. 

I t  is of interes~ to compare these observations with the development  of the 
endodermis. In the root of the ash, the  endodermis cells remain much longer 
in a pr imary stage: ia aa  actively growing rootlet  during the spring no 
suberization was found in its length of appr. 55 mm. The endodermis becomes 
suberized later in the period of slackened growth, which was observed on 
end-roots sectioned in a summer period. 

Another interesting point is the comparison of the development  of the 
exodermis with the vi tal i ty  period of the rhizodermis, h~ostly, its undis- 
turbed function lasts for a very  short t ime; on the sections showing fully 
differentiated exodermis, the rhizodermis may  be found in different stages 
of disintegration (see also K:UBfKOV.~ 1967). 

The outer tangential wall of short exodermal cell --  the "cap",  deserves 
special interest. I t  was described in detail by  ](I~OEHEI~ (1903) in many 
plants. With  the ash, the "cap"  is buil t  by  the protoplast  of short cell and 
the thickening exceeds partially to radial cell walls. Longdated observations 
showed the different width (3 ~m -- 7 ~m) and different staining with aniline 
dyes in various samples. Special attention was therefore paid to this phe- 
nomenon and the width of the "cap"  was measured. An a t t empt  was made 
to find correlations with the age of the root, the period of the year or the 
habitat  of the sampled tree (dry or wet  locality). Y[owever, about  40 studied 
samples from different years and h~bitats yielded no such correlation. Evident-  
ly, thin and thick "caps",  differently stained, alternate in one rootlet.  I t  was 
not, therefore, possible to conclude that  environmental  conditions or the age 
of  the root influence the thickness of the short  cell "cap" ,  and, similarly, 
tha t  the suction force of the root  may  be effeeted in this manner, as sug- 
gested by  G~TTE~BER~ (1940). The presence of "caps"  appears to be a nor- 
mal feature of short cells in the roots of the ash, and the variabi l i ty  within 
a single root overrides the seasonal changes. 

The func t ion  of the exodermis 

The exodermis in the ash works in two basic directions: 

1. as a protective mechanical tissue after  the disintegration of the rhizo- 
dermis, 

2. it permits the absorptiou and secretion of solutions. 
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The described type of exodermis is adapted to both these function: long 
suberized and lignified cells with decreased permeability cover the greater 
part,  about 3/4 of the area of the exodermal mantle around the root (see 
tangential  section on Fig. 3) and thus they  fulfil the mechanical function 
of the  exodermis; short permeable cells with cellulose "cap"  cover only 
about  1/4 of the exodermal mantle area and form passage cells for water 
solutions. The situation is very  similar to leaf epidermis with stomata. 
According to my  observations, the permeabil i ty of short cells does not 
change substantially with ageing, no stopping or impregnation of these 
cells in older roots was observed. The pr imary end-roots, therefore, seem to 
continue acting as suction roots until their  final decay or the formation of 
periderm after a period of several months or even years. The life span de- 
pends on the type  of root and on the soil conditions. 
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Fig. 1. Radial section of ash rootlet,  showing the shor t  and long cells of the exodermis.  
r - -  rhizodermis,  e - exodermis,  c - -  cortex. 

Fig. 2. Cross section of ash rootlet; the "cap"  and the presence of cytoplasm dist inguish the 
shor t  cells in the exodermm. 

Fig. 3. Tangential  section of ash exodermls,  showing the regular al ternation of shor t  and  long 
cells, and the considerable thmkness  of shor t  cell wall. 
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Fig. 4. to  7. Radial  longitudinal sections of apical port ion of ash end-root,  sampled in the 
Botanical Garden, Praha ,  in April 1967, showing the results of the extract ion procedure 
of cell wall components .  
r - -  rhizodermis,  e - -  exodermis,  c - -  cortex. 
Fig. 4 - -  control; Fig. 5 - -  ext racted pectins; Fig. 6 - -hcmice l lu loses  extracted;  Fig. 7 - -  
noncellulosic polysaceharides extracted.  
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Fig. 8. to 11. A n o t h e r  e x a m p l e  of  t he  l e su l t s  of  t he  ex t r ac t i on  p rocedure  of cell wall  com-  
ponen t s .  For  t he  descr ip t ion  see Fig. 4 to 7. 
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IIepBH~H~e Kon~eBHe KopHH ~ c e ~ a  x a p a ~ T e p ~ a a p y m T c a  Ha~gqgeM 3~3o~epMr~C, ~ e ~ a -  
mefi  . ~ e r ~ y  p~80~epM~c ~ nepBaun0f i  Ropofi.  3n3ohepMnc  ~ n ~ p ~ e p e a ~ p y e w  n n e p n n ~ a o f i  
MepHCTeMe H COCTOI~IT I~3 ,~epe~Iy~omaxca a~ t rmnHx rt I~OpOTr~gX l~:rIeTOK C npa6~r r3gTez tbn~Mg 
paaMepaMa 70 • 25 • 25 ~ ~ 25 • 28 • 25 ~t. Ha  He6om, m o ~  pacc~roanna  OT ~op~ienofi 
B e p x y m ~ a  c ~ n n n n ~ M r t  r~eTI~aM~ ~IpOgCXO~aT cTpyrcTypr~e  ~ rr~cTox~Mr~qec~rIe Ha- 
Menear~a (oa~  n e p e x o ~ a T  na  nepBHqrmfi cTa~IIII BO BTOpr~i~y~O): o 6 p a a y e T c a  rmnepr~iea6i~ztr~- 
n a g  c y 6 e p ~ a o B a a  ~ a M e ~ a ,  IIe~I~OJIO3gLie ~ a M e ~  ~Mnpe ragpy loTCa  HI~IFHrIHOM, npOTO- 
IiJIaeT OTMr[paeT. u I~OpOTHgX I~JIeTO~ OTtleTJIHBO yToJ~nleHa B~lel~III~I~ cTeHI~a (((I~anotIi~a))), 
~OTOpag ~0 pe33rJIt, TaTaM IIOCTeIIegHOI~I 3I~gTpaI~IIHg HYleTOgHhIX eTenon  COeTOYIT HpegMy~J/e- 
CWBenttO II3 IieJI~IOJIO3I, I. HopowRge I~JIeWKII c o ~ e p ~ a T  MnOrO III~TOIIJIa3MM C 60J/t~IIIHM 
oi~pam~Ba~omr~MCg a~pOM. I I p ~  cTapexar~r~, ~aMer~ear~fi c T p y ~ T y p ~  r~OpOTr~gX t~JIeTOI( He 
~a~HO. IIoc~[e OTM~pan~a p a a o ~ e p ~ a c ,  r~oTopoe ~4acTynaer c~r noc~e  r io~aofi  ~ g ~ e -  
p e m ~ a R ~  ~ a o ~ e p M ~ c ,  ~ y ~ a ~ g  o x p a n ~ o r o  c ~ o a  ~a  no~epxHocTrr x o n n o r o  ~ e p ~ n o r o  
~oaaenoro  ~opHa riepexo~I~T n 3~ao~epMr~C: ~ar~gH~ae I~JIeTI~II c~Iymav MexaHr~qecIc~M 
oxpattItMM CJIOeM, I~OpOT~I~e ~2]eTI~]~ n p o n y c a a m T  pacTBOphI I~ ra3M B TeqettlIII oeTaJH, HOYO 
n e p n o ~ a  ~I~II3HH ~r ~opHa.  


