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by 
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The exchange of many  materials between cells or tissues and their immediate 
environment is dependent upon the process of diffusion. This fact has been recognized 
for years and numerous investigations have been devoted to the subject. The review 
by JACOBS x gives a comprehensive treatment of diffusion under various conditions 
applicable to the living system. In spite of the volume of work on the general subject, 
little has been done specifically with diffusion of oxygen into higher plant tissues. Only 
WANNER ~ and BERRY 3 have calculated coefficients of diffusion, and in both cases the 
experimental material was the onion root. The values obtained differed by a factor 
of from 3-5, which may have been due at least in part  to the techniques. WANNER used 
a polarographic method and BERRY the Warburg constant volume manometer. 

The diffusion of oxygen into animal cells and tissues has been more thoroughly 
studied. KROGH 4 calculated coefficients of diffusion for sheets of muscle and connective 
tissue from data on the rate of transfer of oxygen across these materials serving as 
membranes. The coefficients obtained have been used extensively as characteristic of 
most living systems. Subsequently, additional determinations have shown a considerable 
range of values to exist 5. This is particularly important  in connection with the wide- 
spread use of manometric techniques for measuring oxygen consumption, since the rate 
of diffusion sets the limit of thickness of the experimental material under investigation 6. 
Diffusion also may  be capable of acting as the limiting factor in the kinetics of metabolic 
processes. This was strongly suggested as the case for the apical 5 mm of onion root at 
5% oxygen ~. Since no reference can be found to a complete analysis of diffusion in 
tissues of different age at several temperatures, the present investigation was undertaken 
as a natural sequel to the results presented in the previous papers 3, ~. I t  is believed that  
for the first time evidence is given that  clearly shows the limits imposed on a root 
system by diffusion. This is of interest especially because masterprocesses are being 
subject to question 8. 

METHODS 

In order to calculate the diffusion coefficient of oxygen for the onion root, the equation inde- 

* Supported by a Grant-in-Aid from the Sigma Xi Research Fund and by the Madge Miller 
Research Fund of Bryn Mawr College. 
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pendently derived by FENN 9 and GERARD 10 for diffusion into it cylinder is us-.d. "rim ~,quali~m 
states that 

U = C . . . .  a (1(2 r2) ( l )  
41~  ' 

where lJ is the pressure of oxygen at the desired point in the tissue and C is the' ~,xternal pressure of 
oxygen, lxoth in g per ml; a is the volume of oxygen consumed in g per ml of tismw per second; 
I¢. is the radius of th,.: cylinder in centimeters; r is the radial distance in centimeters from the cylinder 
axis where U is wanted; and D is the coefficient of diffusion in units of cm ¢ per second. When condi- 
tions are such that the pressure of oxygen (U) is zero just at the axis of the cylinder then r = o 
and the equation reduces to: 

a I{ 2 
1) . . . .  (2) 

• t C 

It is possible, therefore, to solve for D when the pressure of oxygen in the environment (C) is just 
great enough to support the maximu'm rate of respiration. This pressure, the critical pressare, was 
determined for three segments of onion root; namely, the region o- 5 mm above the tip which is 
essentially a zone of mitotically active cells; the region 5-IO mm above the tip which is essentially 
a zone of elongation; amt the region Io-I5 mm above the tip which is a zone of differentiation. The 
Warburg constant velum,., manometric technique was employed. The procedure followed is described 
by BERRY 3, and the dat~ have been given in the previous paper by BERRY AND NORRIS 7. The value 
of 14. is taken from BERRY. 

The necessary assumptions implied in th,e calcvlation of D and the limitations of the method 
are considered in an earlier paper s and will not be repeated here. 

RESULTS 

The da ta  necessary for the calculation of the coefficients of diffusion for each of 

the three zones of onion root at temperatures  of 15 °, 20 °, 3 °0 and  35 ° C are given in 
Table  I along with the values of the coefficients. The volume of each root segment  which 
was used in convert ing the rate of oxygen consumpt ion  as #1 per root per hour into 
g per ml of root tissue per second was determined as the volume of a cylinder having 

a diameter  of 0.073 cm and  a height of 0. 5 cm. In  the case of the apical root zone where 
the tip is tapered, the volume is less than  tha t  actual ly used in the calculation. If it 

is assumed tha t  the first mil l imeter  of the root tip is a cone, the values of D for the 0--5 
m m  segment  would be about  15% larger than  those given in the table. This does not  
take into considerat ion the unde te rmined  reduct ion in the value of R ~ which would 
be necessary if the conical shape of the very tip is used. I t  appears therefore tha t  the 

error is less tha~ 15% because of this simplification. 
The coefficient of diffusion for the apical zone increases with tempera ture  from 15 '> 

to 3 °0 bu t  declines from 3 °0 to 35 ° C. The la t ter  is due to the decrease in "a"  at  the 
higher tempera ture  which appears to be the result  of heat  inact ivat ion of enzymes  
(see Fig. 5 of previous paperY). If the rate of oxygen uptake  per hour is calculated from 
the rate dur ing the first 15 minutes  of the run  a value of 3.06 #l/root/hour is ob ta ined  
and  when this is used in solving for D, the value shown in parenthesis  in "Fable h ,  
co lumn 6, is obtained.  For bo th  the 5-1o m m  and the lO-15 m m  segments, the diffusion 
coefficients at 3 °o seem to be out of line with the values for other temperatures.  I t  would 
appear  tha t  the critical pressures are actual ly higher than the measurements  indicated.  
The coefficients for the other tempera tures  have the same t rend as the apical segment  
in showing a progressive increase with temperature.  

In  Fig. I, plots are made of log D for each root zone versus the reciprocal of the 
absolute  temperature .  This permits  the calculation of the Arrhenius # (or critical 
increment)  from the slope of the curve, the numerical  values of which are shown. This 
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T e m p e r a t u r e  
o C 

x5 

20  

3 ° 

35 

I p l / r o o t -  

0 .85  

T A B L E  I 
DATA USED IN SOLVING FOR DIFFUSION COEFFICIENTS 

1.2 4 

2.78 

a 

2.68  

A 

0 -  5 m m  S e g m e n t  

g/ #l /sec %02 

3 4 

1 . 5 2 9 . 1 0  - ?  I 5 

2 . 1 9 2 - 1 0  -7  ] 2 I  

4 - 7 5 1 " 1 o - 7  45 

4 . 5 o 9 .  t o  -7  5 ° 

c *  

[ g!~l 

o . 7 2 o ,  iO --5 

o . 9 1 o ,  iO --~ 

1 .606 .  Io  - s  

1 .648 .  lO--6 

D 

cm2/sc  c 

7 . 0 7 7 .  IO "-4 

8 .028 -  IO - 6  

9 . 8 4 3 .  IO "-'6 

9 . I  14.  i o  - 4  
0 0 . 4 0 .  Io  ~ )  

I5  

26  

0 .40  

0 .56  

O.480 • IO "~ 

B 

5 - 1 o  m m  S e g m e n t  

o .7 I  9- lO -7  i o  

0 . 9 9 0 .  Io  -7  15 

2 . 4 7 8 .  lO -7  2I  

2 . 1 4 4 .  i o  -7  4 ° 

0 .65  ° • lO - 5  

4 -992"  xo-*  

5 . 0 6 5 .  i o  --a 

3 ° 1 .45 0 . 7 5 0 .  i o  -6  x 1 .04 .  t o  ~ 

35 1-87 1 .3 i  8 .  lO-'5 7 . 9 6 1 .  I o  - 6  

15 0 .33  

2o 0 .45  

C 

I O - I  5 m m  S e g m ( n t  

0 . 5 9 3  • i o - '  . . . .  I 0  . . . . . . .  ] 

O.795 • tO -7  tO O.434 • IO "~ 6.XI 7" IO ' '6  

3 ° 0 .75  X .282" IO -7  IO O.357 • IO ' ~  Z I .O 4" XO ' ' a  

35 1.3 ° 2 . I 8 6 .  IO -7  3 ° 0 . 9 8 8 .  I0  "-6 [ 7 .368"  iO-4  
) 

0 . 4 8 0 .  i o  - 5  4 . I 2 .  i0--4 

* T h e  v a l u e s  s h o w n  u n d e r  c o l u m n s  2 a n d  4 t a k e n  f r o m  BERRY AND I~TORRIS ?. 

T h e  r a d i u s  of  t h e  o n i o n  r o o t  u s e d  in  c a l c u l a t i n g  t h e  v o l u m e  of  a g i v e n  s e g m e n t  w a s  o . o 3 6 5  c m  
t a k e n  f r o m  BERRY ~. 
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t y p e  of graphica l  represen ta t ion  is permissible  only if D is a ra te  cons tan t  equ iva len t  
to the  specific reactio~ ra te  cons tan t  for a chemical  p rocess ' .  MOELWYN-I-IuGHES it 
s ta tes  tha t  under  condi t ions where the ra te  of a heterogeneous react ion is de te rmined  
by  a diffusion process, d k / d T  should equal  dD/dT  and the cri t ical  increment  should 
thus  be about  45o0 calories a t  25 ° C. Since l)  was ob ta ined  under  condi t ions  when 
diffusion appears  to l)e jus t  l imit ing,  the graphica l  p rocedure  seemed justified.  

The  curve for the o -  5 m m  segment  of root  in Fig. I falls exac t ly  on the poin ts  for 
all t empera tu re s  except  35 ~ C (see above).  The cri t ical  increment  was ca lcula ted  as 
3900 calories per  mole. The 4 ioo  calories per  mole for the  5-1o mm curve checks closely 
wi th  the  apical  zone. There  is more sca t te r  of the poin ts  in this  case and the 3o~C 
va lue  is omi t t ed  ent i re ly .  However ,  there  is included a value for 25" C which was taken 
from I3ERRY 3. The graph  for the  resul ts  ob ta ined  with the IO-Z5 mm root  zone gives a 
s t ra igh t  line for all po in ts  ( including one for 25 ° taken  from the earl ier  workS), except  

"~ ÷ 1.5 . . . . . . .  

eo 1 0 - 1 5 m m  .~ment 

~+¢.0 

o 
x 5 

Fig. z. Logarithm of the diffusion coefficient for different root zones plotted against the reciprocal 
of the absolute temperature 

for 35 ° C. The cri t ical  increment  in this  case, T25OO calories per  mole, is ident ical  to 
the  va lue  found for ra te  of oxygen consumpt ion  by  the same zone (see Fig. 6 of BERRY 
AND NORRIS'). The cri t ical  increments  for the  zones 0-5 m m  and  5-IO m m  above  the 
t ip  of the  root  are in good agreement  wi th  the  value  p red ic ted  by  MOELWYN-HUGHES it 
and  with those repor ted  for diffusion of s imple solutes in wate r  1., is. They  are also in 
excel lent  agreement  wi th  the  cri t ical  increment  of ra te  of oxygen consumpt ion  by  the 
apical  5 m m  of the  root  a t  5% oxygen (see Fig.  7 of BERRY AND NORRIS'), when diffusion 
of oxygen was clear ly the  l imi t ing factor.  The  resul ts  wi th  the  ZO--T 5 m m  segment  must ,  
as p rev ious ly  suggested,  be in error  and  serve as a good example  of diffusion coefficients 
ca lcu la t ed  under  condi t ions  when the cri t ical  pressures for diffusion have  noI; been 
precisely  de te rmined .  On the evidence presented  in the  first pape r  of this  series ~ along 

* The reaction rate constant (k) has dimensions of number (reel, mass, ml, etc.) per unit time 
and the diffusion coefficient (D), which is actually a constant for certain concentration ranges, also 
has dimensions of number per unit time but with the addition o( per unit area. Even k has implied 
in it a volume term. 
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with that  shown in the first two curves of Fig. I, it would seem conclusive that  meta-  
bolism and not diffusion was limiting in the lO-15 mm zone. I t  would also appeal that  
a dD/dT plot, as  MOELWYN-HUGHES 11 states, offers an excellent criterion for a heter- 
ogeneous reaction limited by diffusion when the critical increment is found to be appro- 
ximately 4 500 calories. Fig. I gives examples therefore of results for and against diffusion 
as a limiting process. 

One of the most important  assumptions that  must be made in calculating the 
diffusion coefficient for a cylinder is a uniform rate of respiration from the surface to 
the axis. The validity of this assumption can be tested with the data for rate of oxygen 
consumption by the different segments at pressures of oxygen lower than the critical 
pressure, the pressure at which D was calculated and the lowest pressure supporting 
the maximum metabolic rate (see Figs 2, 3, and 4 of previous paper). If  equation (I) is 
used to solve for r, when U is zero at a distance r from the axis, with C and "a"  known 

~ 300 

iZ00 

O-Store segment-30°C-~//~e/ 
2" i t 

/ 

~.9ment -20  C 

O~ 25 50 75 fO0 
~ment toCa volun~ at mot ~ n t  ~ : 

Fig. 2. /*1 of oxygen consumed/rootlsegment/h as a function of the percent of the total volume of 
the root segment that is aerobic. Curves for different root zones at different temperatures are shown. 

from the experiments and D calculated above, then the volume of the anaerobic cylinder 
(the dotted zone in the inset in Fig. 2) can be found. When this volume is compared 
to the total root volume, the percent of the root that  is aerobic is then known. This 
can be plotted against the measured rate of oxygen consumption (in #1 of oxygen per 
root per hour) as shown by the four typical curves in Fig. 2. The original assumption 
would necessitate a linear relationship in these graphs but it can be seen that  this does 
not hold. In every case, the curve levels off as the center of the root is approached. 
This was true for every root zone at every temperature in which the curves in Fig. I 
suggest that  the values for D are reliable. In three of the four curves the break falls 
between 75% and lOO% of the root aerobic and only curve 3 has the break at 5o%. 
The value for D which was used in obtaining curve 3 is the least reliable of the four 
and an inspection of equation (i) shows that  when D is smaller than it should be, all 
points will be moved to the left. Also, if C is actually smaller than the value used, an 
error of x % in the pressure of oxygen would shift the points to the left four units (per- 
cent). There is reason to doubt the accuracy of curve 3 but there is no reason to believe 
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that a linear relationship holds in any case. If we assume the break falls between 75°; 
and IOO%, the former value corresponds to a distance where r := R/2. Histologically, 
this falls in the cortex and no anatomical structure is there to suggest such a change in 
metabolism. The stele in a segment of root lO-15 mm abow~ the tip occupies only 
3.5-4% of the vohune. A much lower metabolic rate in this zone, however, might very 
well account for the break observed in these curves. 

DISCUSSION 

A diffusion coefficient calculated for a simple solute diffusing through a pure solvent 
states the quantity of material that passes unit cross-sectional area in unit time under 
unit concentration gradient. Since the region across which diffusion occurs in the onion 
root is not homogeneous, the numerical significance of the coefficient is problematical. 
I t  seems logical to presume that in reality a number of coefficients actually exist and 
these vary with the specific locus of the root being traversed. The single values arrived 
at in this report by substituting appropriate quantities in the equation that specifically 
applies only to a simple physical system may be considered approximate means of the 
many individual coefficients which it is impossible to determine. One way in which the 
data so obtained can be tested is to determine the activation energy as shown in Fig. I. 
The fact that agreement with the theoretical value is found in two of the three cases is 
merely presumptive evidence for reliable results since, ,as MOELWYN-HUGHES n states, 
it is possible for reactions to possess a real energy of activation of the same value. There 
is no indication for this in onion root respiration, however, since in every case where 
diffusion seems to be completely eliminated as the rate limiting factor, the activation 
energy is about I25oo (as shown in Figs 6, 7, 8, 9, and io of the previous paperT). If 
we assume therefore, that diffusion coefficients having activation energies of about 
4500 calories are reliable, then the values for tile 0-5 mm segment and the 5-IO mm 
segment of onion root are acceptable and those for the lO-15 mm segment are not. 
Furthermore, the greater scatter of the points on the log D vs  I /T curve for the 5-IO 
mm segment compared to the 0- 5 mm segment suggests that the coefficients for the 
latter zone of root are more precise than those for the former. 

The above reasoning tells us nothing about the accuracy of the absolute value of 
the diffusion coefficient since only the rate of change in D with temperature is involved. 
From the curve for the 0- 5 mm segment ill Fig. I it is possible to find D for any temper- 
ature. When this is kno~aa, as well as the rate of respiration in pure oxygen at the same 
temperature, equation (2) can be used to calculate the critical pressure of oxygen at 
that  temperature. If this should check with the experimentally determined critical 
pressure, the absolute values for D, previously found, would appear to be more reliable. 
In the experiments of BERRY a, air was taken as the critical pressure for the o-5 mm seg- 
ment of root at 25°C and the diffusion coefficient which was calculated was greater 
than the curve in Fig. I indicates. When the coefficient was taken from the curve, the 
critical pressure was found to be 3o°~/o oxygen. Subsequent experiments have verified 
this value. It  is therefore possible to calculate the entire curve for rate of respiration 
v e r s u s  pressure of oxygen from the value of D and a single experimental determination 
of the maximum rate of respiration; i .e . ,  the rate in pure oxygen. 

Since the diffusion coefficient was found to decrease as the cells in the root become 
progressively older, the values reported by WANNER 2 come into very close agreement 

References p. 6I 4. 



VOL. 3 (1949) ONION ROOT RESPIRATION. II 613 

with the ones shown in this report. The segment of root investigated by  WANNER was 
basal to those used in the present study and the fact that  the coefficients he found are 
one-half to one-third the values shown here may be due in part  to the difference in age 
of the tissue. The coefficients of diffusion reported by  KROG# (6.2 to 7.5" IO-S) are 
practically identical to certain ones given in Table I. I t  is also interesting to note that  
when the coefficients of diffusion obtained by  WANNER 2 are plotted as log D vs I / T ,  a 

critical increment equal to the ones found for the apical two segments is obtained 
between 15 ° and 20 ° C, but  between 20 ° and 25 ° C, an increment like that  found for 
the I o - I  5 m m  segment results. The fact tha t  this latter value (about I2 50o calories 
per mol) has been found repeatedly for respiratory processes in the onion root may be 
interpreted as strongly suggesting that  a reaction, characterized by a critical increment 
of this magnitude, is limiting the rate of respiration. 

Inasmuch as the curves of Fig. 2 indicate that  the basic assumption of linear rate 
of respiration across the radius of the root, used in calculating the diffusion coefficient, 
is in error, it is important  to examine the possible causes of the error and their effect 
on D. The neglect of the diffusion of oxygen into the ends of the root, which assumes 
its greatest importance when the 0-  5 mm segment is used (the 5-IO mm zone and the 
10-I5 mm zone were studied by using IO and 15 m m  lengths of root respectively), would 
increase the area of diffusion by about 7%; this would give an apparent diffusion 
coefficient larger than the true value. This is in the opposite direction from the change 
in D which would result if the metabolic rate were linear across the entire radius of the 
root. Thus if each curve in Fig. 2 were extended as a straight line to the IOO% aerobic 
volume, D would be increased. The sum of these effects on D are probably not equal 
and opposite and the most likely result would seem to be a diffusion coefficient somewhat 
larger than the true value. However, the small departure from linearity in three of the 
curves of Fig. 2 suggests that  no gross error results from the assumption when the 
experimental measuremehts are precise. Therefore, when diffusion coefficients calculated 
in the manner described in this paper withstand these tests of reliability, it is believed 
tha t  they closely approximate the true apparent rate of penetration of oxygen into the 
living tissue and very strongly suggest tha t  diffusion is the limiting factor in respiratory 
rate under certain conditions. 

SUMMARY 

The Gerard-Fenn equation for diffusion into a cylinder was used to calculate the apparent  
diffusion coefficient of oxygen in each of three segments  of onion root tip at  each of the four tempera-  
tures described in the first paper of this  series. 

These coefficients were then  used to determine the activation energy of diffusion (log D vs x]T 
graphs) with the result  t ha t  those for the two most  apical zones of root agreed closely with the theo- 
retical value. Certain coefficients were also used to calculate the distance to which oxygen penetrates  
the root when the external pressure of oxygen is limiting. From these values it was shown tha t  the 
rate of oxygen consumption across the radius of the root is not perfectly linear (as the Gerard-Fenn 
equation demands) but  the departure from linearity is not sufficient to completely invalidate the 
results.  

RI~SUM~ 

Nous avons employ~ l '~quation de Gerard-Fenn pour la diffusion dams un  cylindre pour calculer 
le coefficient apparent  de diffusion de l 'oxyg~ne dams chacun des trois segments  de l 'extr6mit~ d 'une 
racine d'oignon aux  quatre temperatures  d6crites dans la premiere note de cette s~ ie .  

Nous avons ensuite employ~ ces coefficients pour d6terminer l'~nergie d 'act ivat ion de la diffu- 
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s ion (v. les g r a p h i q u e s :  log I) vs I/T); il en  a r6sult6 que  les valt urs pour  los d e u x  zont.:; les plus 
apicales  de la racine  ont  r6pondu  assez  e x a c t e m e n t  a u x  va leurs  thdoriqoes.  Cer ta ins  coefficients on t  
6t6 employds  auss i  pour  calculer  it qvcl le  profondet,  r l ' oxyg6ne  pdnhtre la racim, ~t des  press ions  ex- 
t6rieures l imi tes  d'oxygeXne. Ces va leurs  nous  on t  pe rmis  (It. cons t a t e r  que le t : tux de consonlm:t t ion 
de l 'oxyg~.ne le long du  r ayon  de lgt racille n ' e s t  pits tou t  ~t fair l in6aire (comnw l't.xige l '6quMion de 
Gera rd -Fenn)  ; ma i s  ce d6fal~t de lin6arit6 ne suffit  pits ~ infirxner complt?t,emt nt  les rt"sulti~ls. 

Z US AM .M E NF AS SUNG 

Auf  Grund  der  G M c h u n g  yon  C-crard-l :enn fiir die Diffusion in e inem Zyl inder  wurdc  der  schein-  
bare Diffusionskoefi izient  fiir Sauers toff  in j edem der  drei Segnlente  c iner  Zwiebelwurzelspi tze  bei 
den  vier  in der  e r s t en  A b h a n d l u n g  dieser  Reihe  beschr i ebenen  T e m p e r a t u r e n  berechnet .  

Mit  Hilfe dieser  Koeff iz ienten wurde  h i e rau f  die Ak t iv ie rungsenerg ie  dcr  Diffusion b e s t i m m t  
(vgl. die D i a g r a m m e  log 1) : 1172) ; fiir die b:,iden der  Spitze a m  nXchsten ge legenen S ' . 'gmente s t i m m t e n  
die gefunder len  ~,Verte m i t  den  theo re t i s chen  gu t  fiberein. Auf  Grund  einigcr  Koeff iz ienten  wurde  
auch  berechne t ,  wie wel t  der  Sauers tof t  in die Wurzel  e indr ingt ,  wenn  dot  ~tussere Sauers lof fdruck  
versch iedene  Grenzwer te  hat .  Dicse W er t e  l iessen e rkennen ,  class dcr  Sauers to f fve rbrauch  d e m  
Wurze l rad ius  en t l ang  n ich t  ganz  l inear  verlXuff (wie es die Gle ichung  yon  G c r a r d - F e n n  vorausse tz t ) ,  
abe t  d iese  Abwe ichung  ist  n ich t  gross  genug  u m  die Ergebnisse  v o l l k o m m e n  zu entkr / t f ten .  
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