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Summary .  The internal pO~ of soybean (Glyeine max  Merr.) nodules was meas- 
ured with oxygen microelectrodes. For nodules in air at 23 ~ the pO 2 decreased 
sharply across the nodule cortex, and was too low to measure in the central tissue. 
At 1 ~ in 1.0 arm 02, the pO 2 in the central tissue was measurable, and was approxi- 
mately uniform from the center Ix) the edge of the central tissue. This uniformity 
was probably due to the intercellular air spaces of the central tissue, since infil- 
trating the spaces with water substantially decreased the pO 2 in the central tissue. 
The results strongly suggest that most of the resistance to 02 diffusion into the 
nodule occurs within the cortex. 

Introduction 

I t  appears  t ha t  the ra te  of respirat ion by the baeteroids in soybean 

nodules is l imi ted by the  rate  of oxygen  diffusion into the  nodule, and 

we have  argued tha t  the  nodule cortex is the  source of most  of this 

resistance (Tjepkema, 1971; T jepkema  and Yoemn, 1973). Bergersen 

and Goodehild (1973) have  disagreed with  this suggestion, but  the fol- 

lowing results with oxygen microeleetrodes s t rongly support  our hypoth-  
esis. 

Materials and Methods 

Two different sizes of electrodes, and several electrodes of each size were used. 
The larger size of microelectrode was made by sharpening 26-gauge platinum wire 
by electrocorrosion, coating with a low-melting-point glass (Wolbarsht et al., 1960), 
and exposing the platinum by cutting off the glass tip with a razor blade. This 
resulted in a roughly cylindrical area of exposed platinum at the electrode tip, with 
a diameter of 40-60 txm and a length of 30-60 ~zm. 

The smaller size of microelectrode was purchased from the Transidyne General 
Corp. (Ann Arbor, Mich., USA) and was model No. 721. These were glass-insulated 
platinum with a tip diameter of 2 [xm and a 10-~m length of exposed platinum. 

* To whom reprint requests should be sent. 
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Fig. 1. Chamber for oxygen microelectrode measurements 

Soybeans, Glycine m a x  Merr. cv. Chippewa (u Farm Bureau, u 
Mich., USA), were grown as described previously (Tjepkema and Yocum, 1973). The 
nodules were held in place by the arrangement shown in Fig. 1. A mechanical drive 
was used to advance the electrodes into the nodules. For the 50-izm tip electrodes, 
the current was measured with a Keithly model 150A microvolt-amperometer 
(Keithley Instruments, Cleveland, Ohio, USA), and the apparatus was enclosed in a 
Faraday cage made of copper screen. The microelectrodes were maintained at 
- -  0.64 V with respect to the calomel reference electrode. For the 2-~m tip electrodes, 
the current was measured with a Keithley model 610B electrometer, and the 
apparatus was enclosed in an aluminium box. The microelectrodes were maintained 
at --  0.51 V with respect to the reference electrode. Measurements were made after 
the current reached an approximately steady state. This was about 40 s for the 
50-~m tip electrodes and less than 10 s for the 2-~zm tip electrodes. 

Before and after each use the electrodes were calibrated in an air-equilibrated 
agar gel, containing 0.1 M KCI. The relationship between the electrode current in 
tissue and the current in 0.1 M KC1 is unclear, especially due to the leghemoglobin 
and intercellular air spaces in the nodule. These are unevenly distributed in the 
nodule and their effect on the oxygen-electrode current cannot be accurately cal- 
culated. Thus the electrode current must be considered only qualitatively related 
to the pO 2 in the nodule. 

In  preliminary vacuum infiltration experiments (see Discussion), India ink 
No. 4415 from ttiggins Ink Co., Newark, N. J., USA, and Triton X-100 detergent 
from Sigma Chemical Co., St. Louis, Mo., USA, were used. 

R e s u l t s  

T h e  50-~zm t ip  e l ec t rodes  were  used  for  t h e  e x p e r i m e n t s  of Figs .  

2-4 .  F ig .  2 shows  a t y p i c a l  se t  of m e a s u r e m e n t s  a t  23 ~ T h e  measu re -  

m e n t s  in  h e l i u m  a n d  air  were  t a k e n  a long  a d j a c e n t  b u t  n o n i n t e r s e c t i n g  
p a t h s  in t h e  s a m e  nodu le .  W i t h  air  in  t h e  e l ec t rode  c h a m b e r ,  t h e  cu r r en t  

d e c r e a s e d  r a p i d l y  as t h e  e l ec t rode  was a d v a n c e d  in to  t h e  nodule ,  a n d  t h e n  

r e a c h e d  an  a p p r o x i m a t e l y  s t e a d y  l eve l  as t h e  e l ec t rode  crossed m o s t  of 

t h e  n o d u l e  in te r io r .  As  t h e  e l ec t rode  a p p r o a c h e d  t h e  e x t e r i o r  on  t h e  

oppos i t e  side of t h e  nodu le ,  t h e  c u r r e n t  i nc rea sed  sharp ly .  
M e a s u r e m e n t s  were  n o t  t a k e n  c o m p l e t e l y  to  t h e  oppos i t e  nodu le  

surface,  because  of t h e  d~nger  of d a m a g i n g  t h e  e l ec t rode  b y  d r iv ing  i t  
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Fig. 2. Oxygen microelectrode current as the electrode is advanced through a 
nodule at 23 ~ Electrode calibration (0.1 M KC1): 43nA before measurements, 

52 nA afterwards 

into the plastic holding the nodule in  place. I n  helium, the electrode 
current  near  the nodule exterior was much lower t h a n  it was in air. 
I n  the nodule center, the electrode current  in  hel ium was sometimes 
lower t han  in air, as shown in Fig. 2. Bu t  in  a similar n u m b e r  of other 
determinat ions  the s i tuat ion was the reverse, indicat ing tha t  these 
differences were not  significant. This electrode current  in the nodule 
center was probably  due to reduct ion of substances other t h a n  oxygen 
at  the electrode surface. W h e n  the electrode was wi thdrawn from the 
nodule and was no longer touching it, there was a small negat ive current,  
ranging from almost zero to a magni tude  almost as large as observed in 
the nodule center, bu t  of negative sign. This was probably  a s t ray current,  
due to imperfect electrostatic shielding. Note tha t  in hel ium the electrode 
current  increased near  ~.she nodule exterior. This was probably  because 
the hel ium flow rate was not  sufficient to exclude all O 3 from the meas- 
uring chamber.  I n  any  event,  this current  was only about  3 % of the 
current  in  air at the nodule exterior. 

I n  the results of Fig. 2, the in ternal  pO 2 of the nodule was meas- 
urable only near  its exterior. To increase the pO 2 to measurable levels, 
we made measurements  in 1.0 a tm 02, lowered the tempera ture  to 1~ 
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Fig. 3. Oxygen microelectrode current before and after cutting a nodule in half. 
The measurements were made in 1.0 atm O~ at 1 ~ Electrode calibration (0.1 M KC1) : 

12 nA before and after measurements 

and  cut  the  rmdule in half. Fig.  3 shows measurement s  before and  af ter  
cu t t ing  a nodule  in half. The  e lec t rode  current  was cons tan t  in the  nodule  
inter ior ,  and  increased near  the  nodule  exter ior  and  the  cut  surface. 
Cut t ing  the  nodule  in half  subs tan t i a l ly  increased the  in te rna l  pO~. 

The  un i fo rmi ty  of centra l  t issue p02 shown in Fig.  3 was p robab ly  
due to  the  wel l -developed in terce l lu lar  air  spaces of the  centra l  t issue. 
To de te rmine  whe the r  th is  was so, we measured  the  pO 2 before and  af ter  
inf i l t ra t ing  the  spaces of the  nodule  wi th  water .  In f i l t r a t ion  was done b y  
placing a half-nodule  in wa te r  under  a vacuum,  releasing the  vacuum,  
and  repea t ing  this  procedure  2 more  t imes  in a 5-rain period.  The  effec- 
t iveness  of th is  procedure  was checked b y  repea t ing  i t  wi th  a s a tu ra t ed  
aqueous  solut ion of anil ine blue black.  Dye  was found in a t  leas t  two- 
th i rds  of the  centra l  t issue volume.  I f  whole r a the r  t h a n  half-nodules  
were used,  no dye  was found in the  centra l  t issue.  Thus the  dye  mus t  
have  en t e red  the  hMf-nodule v ia  the  cut  surface of the  nodule.  Fig.  4 
gives t yp i ca l  e lect rode measurement s  for nodules  before and af te r  in- 
f i l t ra t ion  wi th  water .  I n  larger  nodules,  inf i l t ra t ing  the  air  spaces wi th  
wa te r  g rea t ly  decreased  the  in te rna l  pO 2 so t h a t  in the  center  of the  
nodule,  the  e lec t rode  current  was abou t  the  same as the  res idual  elec- 
t rode  current  measured  in helium. I n  smal ler  nodules  the  effect was 
less, bu t  in all cases, a f te r  wa te r  inf i l t ra t ion,  the  in te rna l  pO~ of the  
nodule  was reduced  and  was no longer  uniform in the  center  of the  nodule.  
The  reason why  the  effect of in f i l t ra t ion  was so much  less in smal ler  
nodules  is no t  dea r .  
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Fig. 4A--C. Oxygen microelectrode current in half nodules, before and after in- 
filtrating the intercellular air spaces with water. The measurements were made 
in 1.0 arm 02 at 1 ~ Electrode calibration (0.1 M KC1) before and after measure- 

ments: (A) 10 and ~3 nA; (B) 25 and 19 nA; (C) 9 and 20 nA, respectively 

Figs. 5 7 show results with the 2-~xm electrodes. These measurements  
were t aken  at 23 ~ I n  Fig. 5 the electrode penet ra ted  the cortex at  a 
point  between the vascular strands, while in  Fig. 6 the electrode pene- 
t r a ted  through a vascular strand. The cortex was substant ia l ly  thicker 
near  the vascular strands, because of ridges on the nodule cortex above 
the s trands and  extension of the cortical tissue into the central  tissue 
below the strands. After the measurements  were made, the electrode 
was advanced about  1 mm fur ther  into the nodule, so tha t  the hole made 
by the e]ectrode was enlarged, and the pa th  of electrode though the 
nodule could be more easily traced. The nodule was then  cut in  half 
under  a stereomieroscope, so tha t  the razor blade cut through the hole 
made by  the electrode, and  a free-hand section from the cut surface was 
examined under  the microscope. Figs. 5 and  6 were chosen from 22 such 
measurements ,  because they  were among the few in  which the exact 
pa th  of the electrode was found. I t  should be noted  tha t  the electrodes 
often broke during measurements ;  such measurements  were discarded. 

W h e n  a measurement  was t aken  between the vascular strands, as 
exemplified by  Fig. 5, the electrode current  in the outer par t  of the cortex 
was quite irregular bu t  was usual ly at  least as large as the current  when 
the electrode was inserted into agar equil ibrated with air. There were 
often one or more large current  peaks as the electrode was advanced into 
the cortex. These were up to 10 t imes larger t h a n  the electrode current  
in  agar, and  occurred at variable distances from the nodule exterior. 
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Fig. 5. Oxygen microeleetrode current as the  electrode is advanced through the 
cortex between vascular strands. Temperature:  23 ~ Electrode calibration (0.1 1V~ 

KC1) : 14 pA before measurements,  26 pA afterwards 

These  peaks  were due to  03, since f lushing the  e lec t rode  chamber  wi th  
Nt  r educed  the  cur ren t  to  a ve ry  low value.  The  cause of the  peaks  was 
p r o b a b l y  contac t  of the  e lec t rode  wi th  the  large in terce l lu lar  air  spaces 
which are p resen t  in some par t s  of the  ou te r  cortex.  I n  the  inner  pa r t  of 
the  cortex,  the  e lec t rode  cur ren t  decreased sharp ly  to  a ve ry  low value,  
and  all  or a lmos t  all of th is  decrease occurred before the  e lect rode en te red  
the  centra l  t issue. I n  the  centra l  t issue, the  e lect rode current  was re la t ive-  
ly  cons tan t  as the  e lec t rode  was advanced  and d id  no t  decrease when 
N 2 was f lushed t h rough  the  e lec t rode  chamber .  This  cur ren t  m a y  have  
p a r t l y  been a residual  cur ren t  as discussed with  regard  to  the  50-~,m t ip  
electrodes,  bu t  was p a r t l y  due to o ther  causes. W h e n  the  oxygen  elect rode 
was in place b u t  no t  touching  the  nodule,  the  cur ren t  was 0.14 pA. This 
m a y  have  been  a s t r ay  current  as discussed previously ,  or since i t  was 
of posi t ive  sign, i t  m a y  have  been  due to cur ren t  leakage a round  the  
electrodes.  This difference in resul ts  be tween  the  2-~m and 50-am t ip  
e lect rodes  was not  surpr is ing since the  appa ra tu s  used was not  exac t l y  
the  same, especia l ly  wi th  r ega rd  to  e lec t ros ta t ic  shielding. 

Fig.  6 was the  only  resul t  ob ta ined  in which i t  was clear t h a t  the  
e lec t rode  passed th rough  the  center  of a vascular  s t r and  when going 
th rough  the  cortex.  The  e lec t rode  current  fell sharp ly  as the  e lectrode 
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Fig. 6. Oxygen microeleetrode current as the electrode is advanced through the 
cortex, penetrating a vascular strand. Temperature: 23 ~ Electrode calibration 

(0.1 M KC1): 14 pA before measurements, 17 pA afterwards 

p e n e t r a t e d  into  and th rough  the  vascular  s t rands.  I n  the  area  of the  
cor tex  be tween  the  s t r and  and the  centra l  t issue there  was no fur ther  
decrease in the  e lect rode current ,  and  the  current  also r emained  cons tan t  
as the  e lectrode was advanced  into the  centra l  t issue. I n  o ther  results,  
in which i t  was no t  known if the  vascular  s t r and  was pene t r a t ed ,  the  
ma in  decrease in the  e lect rode current  somet imes  occurred closer to  the  
b o u n d a r y  of cor tex  and  centra l  t issue. I n  the  pa r t  of the  cor tex  above  the  
vascular  s t rands,  i rregular ,  large current  peaks  were of ten observed,  as 
shown in the  resul t  of Fig.  6. 

W h e n  the  nodule of Fig.  6 was cut  in half, an  i r regular  cav i ty  in i ts  
center  was found. Fig.  7 shows the  resul ts  when an  oxygen  mieroelec- 
t rode  was advanced  th rough  the  cut  surface of the  central  t issue. The  
e lect rode current  was much  larger  t h a n  was found in the  centra l  t issue 
of th is  same nodule  in Fig. 6. This  increased current  was due to  03, 
since when n i t rogen  was f lushed th rough  the  e lect rode chamber ,  the  
current  decreased to  a low value.  Cavit ies occur only  in abou t  one of 100 
ve ry  large nodules.  W h e n  large nodules  wi thout  cavi t ies  were cut  in 
half, no increase in the  e lectrode current  in the  centra l  t issue was ob- 
served. 

Discussion 

Fi r s t  le t  us consider  the  spa t ia l  resolut ion of the  oxygen  electrodes.  
Davies  (1962) ca lcu la ted  t h a t  a t  a radius  of 10 t imes  the  e lect rode 
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Fig. 7. Oxygen microelectrode current us the electrode is advanced into the central 
tissue of a half nodule which has a central cavity. Temperature: 23 ~ Electrode 

calibration (0.1 M KC1) : 17 pA before measurements, 14 pA afterwards 

radius,  the  02 concen t ra t ion  is a t  90% of the  concent ra t ion  t h a t  would 
occur if no e lect rode were present .  Thus  the  e lect rode measures  the  aver-  
age 03 concen t ra t ion  in a sphere of abou t  10 t imes  i ts  radius.  F o r  the  
50-~zm t ip  e lect rodes  t h a t  we used, the  average t ip  radius  was abou t  
25 ~zm, so t h e y  resolved  a sphere  of abou t  250 ~zm radius.  The 2-~zm t ip  
e lec t rodes  had  an average  radius  of abou t  3 ~zm, so t h e y  resolved a sphere 
of abou t  30 ~zm radius.  Thus  the  ca lcula ted  resolut ion  of the  e lect rodes  
was adequa te  for these  exper iments .  The  ac tua l  resolut ion  m a y  have  
been be t t e r  t h a n  ca lcula ted  since our  e lectrodes were aged, and  the  elec- 
t rode  cur ren t  was several  t imes  lower t h a n  in new electrodes the  p l a t i num 
surfaces of which were more  ful ly  ac t iva ted .  

Now let  us consider  the  impl ica t ion  of our resul ts  for the  diffusion of 
oxygen  th rough  the  cor tex  of the  soybean  nodule.  Bo th  Spren t  (1972) 
and  Bergersen  and  Goodchi ld  (1973) have concluded t h a t  in terce l lu lar  
air  spaces pass t h rough  the  nodule  cor tex  and  form cont inuous gas 
passageways  be tween  the  soil a tmosphere  and  the  in tercel lu lar  air  spaces 
of the  centra l  t issue.  T j e p k e m a  and Yocum (1973) came to a different  
conclusion and  sugges ted  t h a t  there  m a y  be a l ayer  of the  cor tex  th rough  
which no in terce l lu lar  air  spaces pene t ra te ,  and  t h a t  most  of the  pO~ 
grad ien t  be tween  the  ex te rna l  a tmosphere  and  the  bacteroids  occurs a t  
this  layer .  The  resul ts  of Figs.  5 and  6 confirm this  suggestion. Most  of 
the  pO 2 g rad ien t  iv_ these  nodules  occurred in the  inner  pa r t  of the  cortex.  
Such a large pO 2 g rad ien t  could occur only  if ve ry  few or no in terce l lu lar  
a i r  spaces pene t r a t e  this  l ayer  of t issue.  
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Fig. 8. Free-hand section of a nodule that has been vacuum infiltrated wi~h India 
ink. The unlabeled arrows indicate intercellular spaces filled with ink, V, vascular 

strand; S, sclereid layer; B, boundary of cortex and central tissue. • 103 

Fig.  7 shows t h a t  when 02 diffusion can bypass  the  cortex,  the  p02 
in the  centra l  t issue can reach a much higher  value.  A p p a r e n t l y  the  
in terce l lu lar  air  spaces of the  centra l  t issue communica te  d i rec t ly  wi th  
the  centra l  cavi ty ,  so t h a t  when the  cav i ty  is exposed  by  cut t ing  the  
nodule  in half, the  pO 2 in the  air  spaces approaches  the  a tmospher ic  
value.  W h e n  there  is no cavi ty ,  cut t ing the  nodule in half does not  in- 
crease the  p02, p robab ly  because the  in tercel lu lar  air  spaces of the  
centra l  t issue are b locked a t  the  cut  surface. Such blockage seems rea- 
sonable because the  walls of the  cut -open cells have  l i t t le  r igidi ty ,  and  
the  cu t t ing  might  d i s rup t  any  hydrophobic  coat ing on the  air  spaces 
which might  funct ion to  p reven t  en t ry  of wate r  into the  air  spaces. 

The  2-~m t ips  of the  smal ler  e lectrodes used were abou t  the  same size 
as the  in tercel lu lar  air  spaces of the  centra l  tissue. Thus  if the  t ips  were 
in or ad j acen t  to the  air  spaces, one would expec t  the  e lect rode current  
to  be inf luenced b y  the  pOe in the  air  spaces.  I f  this  pOe were a substan-  
t ia l  f rac t ion of the  a tmospher ic  value,  one would expec t  the  e lectrode 
current  to be a subs tan t ia l  f rac t ion of the  current  in a i r -equi l ib ra ted  
agar.  As the  e lect rodes  were advanced  th rough  the  centra l  t issue (Figs. 5, 
6) only  ve ry  low current  values  were found. This  was also t rue  for all 
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o ther  measurement s  t h a t  we made  in the  centra l  t issue. Thus  i t  appears  
t h a t  the  pO~ in the  in terce l lu lar  air  spaces of the  centra l  t issue is qui te  
low. I f  so, these  spaces mus t  no t  be d i rec t ly  eormected with  the  ex te rna l  
a tmosphere .  

The  above  resul ts  (Figs. 2-7)  indica te  t h a t  the  inner  cor tex  of the  
nodule  m a y  conta in  a bar r ie r  to  oxygen  diffusion into the  centra l  t issue. 
This was conf i rmed b y  p re l imina ry  exper iments  in which nodules  were 
vacuum- in f i l t r a t ed  wi th  I n d i a  ink, b y  a modif ica t ion  of the  m e t h o d  of 
H i n c h m a n  (1972). I n d i a  ink  was passed  th rough  a f i l ter  of 0.45 ~ pore 
size. The  f i l t ra te  was vacuum e v a p o r a t e d  to  half  of i ts original  volume,  
and  0.15 ml of a 10% aqueous  solut ion of Tr i ton  X-100 de te rgen t  was 
a d d e d  to the  1.5 ml of concent ra te .  Fig.  8 shows a typ ica l  result .  The  ink  
pene t r a t ed  the  cor tex  to a d e p t h  of two or th ree  cell layers  inside of the  
l ayer  of selereid cells, bu t  was never  observed  in the  centra l  t issue. This  
same resul t  was found  with  a va r i e t y  of dyes  dissolved in e thanol  or 
water ,  except  the  dyes  r ap id ly  diffused out  of the  in terce l lu lar  spaces. 

We also r epea t ed  the  expe r imen t  of Bergersen and  Goodchi ld  (1973) 
who descr ibed  a m e t h o d  which permi t s  d i rec t  obse rva t ion  of gas in the  
in terce l lu lar  air  spaces of slices of soybean  nodules.  Our observa t ions  
conf i rmed the i r  results ,  excep t  t h a t  we could f ind no air  spaces t h a t  
were cont inuous  th rough  the  inner  l aye r  of the  cortex,  where the  I n d i a  
ink d id  no t  pene t r a t e  in Fig.  8. 

F r o m  the  above  resul ts  and  discussion we conclude, a t  leas t  for soy- 
bean  nodules  as we have  grown them,  t h a t  the  in tercel lu lar  air  spaces 
of the  centra l  t issue are  funct ional ,  bu t  are not  connected  b y  a gaseous 
p a t h w a y  to the  ex te rna l  a tmosphere .  W e  also conclude t h a t  most  of the  
g rad ien t  in p02 be tween  the  ex te rna l  a tmosphere  and  the  bae tero ids  
occurs in the  inner  l aye r  of the  cor tex  of the  nodule.  
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