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Abstract  

Phytosiderophores released by roots of iron-deficient grasses mobilise Fe, Zn, Mn and Cu in calcareous 
soils. Mobilisation of Fe, Zn and Cu can be explained as the chelation of these metal cations by 
phytosiderophores. Mobilisation of Mn could not be so explained because phytosiderophores have a 
much smaller affinity for Mn than for Fe, Cu and Zn. Model experiments have been made with freshly 
precipitated Fe(OH) 3 and different soils to study the mobilisation of iron and manganese by plant-borne 
chelating phytosiderophores, the synthetic metal chelators DTPA and the microbial metal chelator 
sulphonated ferrioxamine B (FOB). Compared with the synthetic chelator DTPA, the plant-borne 
chelating phytosiderophores mobilised Fe very efficiently, but no change was observed in the Mn 
mobilisation by phytosiderophores. 

Different phytosiderophores, as well as the microbial metal chelator FOB, were used to compare the 
mobilisation of iron and manganese in a calcareous soil. 

Introduct ion 

Phytosiderophores (PS) are released by cereal 
roots in response to low Fe and Zn availability 
(Takagi,  1976; Zhang et al., 1989). Further,  
whilst Fe mobilisation from freshly precipitated 
Fe(OH)3, or from a calcareous soil, could be 
demonstrated (Awad et al., 1988, Zhang et al., 
1991), mobilisation of Zn, Cu, and Mn could 
also be shown (Treeby et al., 1989). Thus PS 
released by Fe- or Zn-deficient grass increase 
the rh izosphere  concen t r a t i ons  of che la ted  
micronutrient cations. 

The present investigation was undertaken to 
study in more detai l ,  the e f f i c i ency  of Fe 
mobilisation by PS, and the mobilisation of Fe 
and Mn by different PS (mugineic acid (MA); 2'- 
d e o x y m u g i n e i c  acid (DMA); epi-3-  
hydroxymugineic acid (HMA); avenic acid (AA), 
synthet ic  che la tor  (DTPA) and a microb ia l  
siderophore, sulphonated ferrioxamine B (FOB). 

Materials  and methods  

Seeds of barley (Hordeum vulgare L.cv. Europa 
and Minorimugi), wheat (Triticum aestium L. cv. 
Ares) and oats (Avena sativa L. cv. Pirol) were 
germinated in CaSQ-saturated quartz sand for 
three days in the dark, prior to being transferred 
to 2.5 L plastic vessels (60 plants per vessel) 
with con t i nuous ly - ae r a t ed  Fe- f ree  nut r ien t  
solution (pH 6.2; 2.00 mM Ca (NO3)2; 0.75 mM 
K2SO4; 0.65 mM MgSQ; 0.25 mM KH2PO4; 0.10 
mM KC1; 1 gM H3BO3; 0.5 ~tM MnSO4; 1 gM 
ZnSO4; 0.25 gM CuSO4; 0.005 ~M (NH4)6 
Mo7024)]. The plants were grown under 
controlled environmental conditions [day/night, 
16/8 h; l ight in tens i ty ,  220 tool m-2 s ~ 
(Fluorescent tubes Sylvania, cool white FR 96T 
12); temperature, 25°/23°C; relative humidity, 
70-80%] and the nutrient solution was changed 
every second day. 

Root exudates were collected after the onset of 
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Fe-deficiency symptoms in the foliage (at day 7). 
At the b e g i n n i n g  of  the l igh t  p e r i o d  in the 
morning, the plant roots were removed from the 
nutrient solution, rinsed briefly in distilled water 
and placed into aerated, distilled water for 4 h. 
The plants  were then re turned to the nutr ient  
solution.  The washing solution containing the 
root exudates was filtered using blueband filters, 
concentrated under vacuum at 40°C to 20 mL, 
and stored at - 18°C. 

R o o t  e x u d a t e s  were  d i s s o l v e d  in a sma l l  
vo lume of  deionised water,  passed through an 
exchange resin (Amberlite IR 120 (H+)) and the 
fraction eluted with 1M NHaOH was collected. 
The f rac t iona t ion  of the d i f fe ren t  PS and the 
identification by HPLC followed the method of 
Kawei et al. (1987). 

The m i c r o b i a l  che l a to r  FOB was ob t a ined  
f rom Ciba-Geigy  GmbH,  Germany .  Analyt ica l  
grade DTPA was obtained locally. 

The PS content was quantified by measuring 
the amount of  Fe(III) dissolved from Fe(OH) 3 as 
described by Takagi (1976). Briefly,  an aliquot 
o f  i s o l a t e d  PS was s h a k e n  wi th  f r e s h l y -  
precipitated Fe(OH) 3 for 2 h at 25°C, soluble Fe 
was  m e a s u r e d  p h o t o m e t r i c a l l y  as F e ( I I )  
Ferrozine at 562 nm following the addition of a 
r educ tan t  ( hyd roxy l amine  hydroch lo r ide )  and 
Ferrozine [3-(2-pyridyl)-5,6-bis (4-phenylsulfoine 
acid)- 1,2,4-triazinel]. 

The  soi l s  used  in the e x p e r i m e n t s  were  2 
calcareous and 2 acidic soils from China and a 
Luvisol  from Germany.  The soil properties and 
DTPA-extractable micronutrient cation contents, 
de te rmined  accord ing  to Lindsay  and Norve l l  
(1978), are given in each of the figures. 

Mob i l i s a t i on  of  m i c r o n u t r i e n t  ca t ions  was 
assayed  as fol lows:  a 20 mL al iquot  of  PS or 
chelators was shaken with 2 g of air dried soil for 
3 h at 25°C and centrifuged. The supernatant was 
passed through a 0.1 I.tm millipore filter and the 
content  of  mic ronu t r i en t  cat ions  measured  by 
a tomic  absorp t ion  spec t ropho tome t ry .  For all 
t r ea tments  there were  5 rep l ica tes ,  and mean  
values are presented in the Figures. Mobilisation 
was measured as Fe equivalents. 

Results  

PS (DMA) was highly efficient in mobilising Fe 

from sparingly soluble Fe(OH)3, compared with 
the s y n t h e t i c  c h e l a t o r  D T P A  (Fig.  1). The  
mobilisation of Fe by DMA was complete within 
30 minutes, but the mobilisation of Fe by DTPA 
required more than 72 h. Similar patterns of Fe 
m o b i l i s a t i o n  by D M A  and D T P A  were  a lso  
demonstrated in a calcareous soil (Fig. 2). When 
chelators were added to soil, much more Fe in 
solution was found in the presence of DMA than 
with DTPA at the initial phase. The max imum 
mobi l i sa t ion  of  Fe of  DMA was reached after  
5 h, after which, the mobilisation of Fe declined. 
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Fig. 1. Time course of Fe mobilisation by DMA and DTPA 
(0.5/,tmol) from freshly precipitated Fe(OH)3. 

The mobilisation rate of Fe by DTPA increased 
rap id ly  i m m e d i a t e l y  af ter  the addi t ion of  the 
chelators and continued to increase with time for 
the whole experimental period. 

When the concentration of metal chelator was 
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Fig. 2. Time course of Fe mobilisation by DMA and DTPA 
(4.4 ~tmol) from a calcareous soil (pH: 8.0; DTPA-Fe: 4.1 
mg/kg). 
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lower than l#mol ,  DMA mobi l ised much more 
Fe than DTPA (Fig. 3). As the concentration of 
chelators increased, the mobilisation of Fe in the 
same soil by both chelators also increased, but 
the i nc r ea se  in the ra te  for  D M A  was much  
smaller than that for DTPA. 

The effect of soil pH on the mobilisation of Fe 
from a calcareous soil by DMA, FOB and DTPA 
were compared  (Fig. 4). Of the three chelators 
used, DMA gave the highest mobilisation of Fe. 
This  m o b i l i s a t i o n  capac i ty  was a f f ec t ed  to a 
lesser extent when the soil pH was adjusted from 
6 to 8. Fe mobilisation by FOB was lower than 
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Fig. 3, Effect  of  DMA and DTPA addi t ions  on the Fe 
mobilisation from a calcareous soil (see Fig. 2). 

by DMA and dec l ined  s l ight ly  when pH was 
r a i s e d .  The  g r e a t e s t  d e p r e s s i o n  of  Fe 
mobilisation with increased pH was found in the 
DTPA t rea tment .  For example ,  as the soil pH 
increased from 6 to 8, the mobilisation of Fe by 
DTPA decreased more than 3 times. 

A n o t h e r  e x p e r i m e n t  s h o w e d  tha t  the 
sterilisation of the soil had a strong increasing 
effect on the mobilisation of Fe (Fig. 5). 

Besides the microbial activity of a soil, other 
soil properties influence the mobilisation rate of 
Fe. The effect  of soil propert ies on the Fe and 
Mn m o b i l i s a t i o n  with DMA and D T P A  were  
compared  using 2 different  soils (Fig. 6). The 
highest Fe mobilisation observed in these 2 soils 
were by DMA, but the Mn mobilisation by DMA 
varied with different soils. No Mn mobilisation 
by DMA was found in soil A; even in soil B, 
containing a very high amount of exchangeable 
Mn, DMA mobilised a very small amount of Mn 
compared with DTPA. 
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Fig. 4. Effect of soil pH on the mobilisation of Fe by DMA, 
FOB and DTPA from a soil (pH:6.0; DTPA-Fe:8.0 mg/kg). 
Soil pH was adjusted by addition of lime. 
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Fig. 5. Effect of thymol on the mobilisation of Fe from soil 
(see Fig. 2) by DMA (4.4 xmol DMA, 15 mg thymol), 

In another experiment  with Luvisol  (Fig. 7), 
the mobilisation of Fe by all phytosiderophores 
(DMA, HMA, MA and AA) was much higher  
than  tha t  by D T P A  and FOB,  w h e r e a s  the 
mobilisation of Mn was much higher with DTPA 
than that by other chelators. 

D i s c u s s i o n  

The ef f ic iency  of Fe mobi l i sa t ion  by PS from 
soils can be affected by several  factors.  These 
include: binding of PS to metal ions other than 
Fe; inh ib i to ry  e f fec t  of  high pH and ca lc ium 
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Fig. 6. Fe and Mn mobilisation by DMA and DTPA from a 
calcareous soil (soil A: pH:8.1, DTPA-Fe:6.3 mg/kg; DTPA- 
Mn:3.1 mg/kg) and a acidic soil (soil B: pH:5.50,DTPA- 
Fe:11.8 mg/kg, DTPA-Mn:40.9 mg/kg, Exchangeable 
Mn:6500 mg/kg). 
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Fig. 7. Fe and Mn mobilisation by different phytosiderophores 
(2.5 gmol) from a Luvisol (pH, 6.0; CaCO 3, 7.7%; organic 
matter, 2.0%; DTPA-Fe 16.2 mg/kg; Mn, 30.7 mg/kg). 

content  in ca lca reous  soils;  deg rada t ion  o f  PS by 
m i c r o o r g a n i s m s  in t h e  r h i z o s p h e r e ;  a n d  
adso rp t ion  o f  PS to soil  par t ic les .  Only  parts  of  
these  fac tors  are d i scussed  here.  C o m p a r e d  with 
the  s y n t h e t i c  c h e l a t o r  D T P A ,  the  p l a n t - b o r n e  
c h e l a t o r  PS m o b i l i s e d  Fe very  e f f e c t i v e l y .  The  
e f f ic ien t  mob i l i s a t i on  of  Fe was cha rac te r i sed  by 
f a s t  m o b i l i s a t i o n  f r o m  f r e s h l y  p r e c i p i t a t e d  
F e ( O H ) 3 ,  w h i c h  w a s  c o m p l e t e d  w i t h i n  30 
minu t e s  (F ig .  1). This  e f f i c i en t  m o b i l i s a t i o n  o f  
Fe by PS cou ld  also be obse rved  in a ca lca reous  
soil  (Figs .  2, 3, 4). This  may  be ass igned  not  only  
to the fast  mob i l i s a t i on  of  Fe by  PS (Fig.  2) and 
the much  h ighe r  F e - e x t r a c t i n g  e f f i c i e n c y  o f  PS 
c o m p a r e d  wi th  the  s y n t h e t i c  c h e l a t o r  ( D T P A )  
(Fig.  2), but  also the smal le r  ef fec t  of  inc reased  
soil  pH on the Fe mob i l i s a t i on  by  PS (Fig.  4). 

P r e v i o u s  r e s e a r c h  has  s h o w n  tha t  a l t h o u g h  
o t h e r  m i c r o n u t r i e n t s  (Cu ,  Z n ,  M n )  a r e  a l s o  
m o b i l i s e d  in the soi l  by PS (Takagi  et al . ,  1988; 

T r e e b y  et  a l . ,  1 9 8 9 ) ,  a p p l i c a t i o n  o f  t h e s e  
m i c r o n u t r i e n t s ,  e v e n  as  i n o r g a n i c  s a l t s  to  
c a l c a r e o u s  s o i l s ,  has  o n l y  a s l i g h t  i n h i b i t o r y  
e f f e c t  (Cu)  or  even  no e f f e c t  (Zn,  Mn)  on Fe  
m o b i l i s a t i o n  b y  PS ( Z h a n g  et  a l . ,  1 9 9 1 ) .  
R 6 m h e l d  ( 1 9 9 1 )  e s t i m a t e d  t h a t  on a v e r a g e ,  
m o b i l i s e d  Fe  a c c o u n t s  for  2 0 - 4 0 %  of  the  to ta l  
mic ronu t r i en t s  mob i l i s ed  by PS. 

Degrada t ion  of  PS by m i c r o o r g a n i s m  has been 
con f i rmed  in the current  expe r imen t  (Figs.  4, 5). 
R6mhe ld  (1991) has a rgued that,  in add i t ion  to a 
d i s t inc t  d iurna l  rhy thm in PS re lease  (Takag i  et 
a l . ,  1984; M a r s c h n e r  et a l , ,  1986),  the  spa t i a l  
separa t ion  of  PS re lease  and mic rob ia l  ac t iv i ty  in 
the  r h i z o s p h e r e  s h o u l d  p a r t l y  c o m p e n s a t e  fo r  
mic rob ia l  degrada t ion .  

In ag reemen t  wi th  the resul t s  f rom Takag i  et 
al. (1988),  no Mn mob i l i s a t i on  was found in the 
ca lca reous  or ac id ic  soils  of  our  expe r imen t  (Fig.  
7). We  conc lude  that,  under  cer ta in  expe r imen ta l  
c o n d i t i o n s ,  PS m o b i l i s e  Fe  by  c h e l a t i o n  v e r y  
e f f ic ien t ly ,  but  not  Mn. 
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