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SUMMARY 

Absorption and translocation of iron by intact  watercress plants (Rorippa 
nasturtium-aquaticum (L) Hayek) was studied in short period uptake ex- 
periments utilising 59Fe labelled ferric chloride. Total translocation of iron 
was inhibited by increasing levels of phosphorus, zinc and manganese in the 
nutr ient  medium; the elevated phosphorus and zinc concentrations enhanced 
iron absorption into roots, but  increased retention of absorbed iron in 
translocating portions of the plant. High levels of manganese in the medium 
reduced the initial absorption of iron into the root system. 

INTRODUCTION 

Severe cases of chlorosis have been reported in commercial water- 
cress crops over a period of many years 2 14. The condition has gene- 
rally been diagnosed as an iron deficiency characteristic of lime- 
induced-chlorosis, described and documented in many other crop 
species 6. Although watercress is usually successfully cultivated in 
alkaline irrigating waters, rising from chalk and limestone, instances 
of iron deficiency in crops have been recorded recently s and this 
investigation examined some of the possible factors concerned. 

Previous studies with other crop species have implicated phospho- 
rus as a causative factor in iron chlorosis 13. Reduction in iron avail- 
ability through precipitation in the nutrient medium is suggested as 
one possible cause of chlorosis 4 15. Experiments on the foliar appli- 
cation of iron, with varying levels of phosphorus in the nutrient 
medium, have demonstrated an internal immobilization of iron in 
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translocating portions of plants s 9. The specific accumulation of 
iron in conductive tissue of bean plants (Phaseolus vulgaris) was 
shown to be correlated with the presence of phosphorus in the same 
tissues 9. 

It has long been established that manganese can induce iron 
chlorosis in plants. A special reciprocal relationship was stressed 
between these two elements is, based on a mechanism controlled by 
oxidation-reduction potentials. The reduced ferrous ion is accepted 
as the more readily available ionic form of iron to be absorbed by 
plant root systems is. Other micronutrients, including zinc, have an 
antagonistic relationship with iron in the processes of absorption 
and translocation, although no such valency change associated with 
oxidation-reduction is possible 12. 

Direct iron-zinc interaction has been reported in rice seedlings 
(Oryza sativa)11 and a possible influence of zinc on the reducing 
capacity of root sap and nutrient solutions has been suggested I. 

The elements phosphorus, zinc and manganese were selected for 
this study, in relation to iron nutrition, on the basis of their docu- 
mented effects shown in other crop species and several more specific 
associations with watercress. Phosphatic fertilizers a re  the main 
nutrient supplement used in watercress cultivation to improve 
yields, and zinc levels are artificially raised in the irrigating water 
to prevent 'Crook Root' (Sposgospora subterranea) fungal infec- 
tions 21. Under submerged substrate conditions the availability of 
iron and manganese for plant nutrition would be influenced by the 
degree of oxygenation of the medium 22. The variable conditions of 
aeration in irrigating waters may affect the oxidation-reduction 
state, thus altering the ratio of ferrous and manganous ions which 
are available for root  absorption. 

METHODS 

U n i f o r m  6 week old watercress  p lan t s ,  g rown u n d e r  commerc i a l  condi t ions ,  
were selected.  P l a n t s  were l i f ted f rom t h e  beds,  w a s h e d  in dis t i l led water ,  an d  
t r a n s f e r r e d  to  beaker s  of e x p e r i m e n t a l  cu l tu re  m e d i u m  (Table  1). Solut ions  
were c o n t i n u o u s l y  ae ra t ed  a n d  renewed eve ry  24 hours .  Con t inuous  i l lumina-  
t ion  was p rov ided  b y  4 × 20 w a t t  wh i t e  f luorescent  tubes .  A s t a n d a r d  3 d a y  
n u t r i t i o n a l  p r e - t r e a t m e n t  was  g iven  before  isotope appl ica t ion ,  d u r i n g  which  
p l a n t s  are sub jec t ed  to t he i r  p a r t i c u l a r  n u t r i e n t  regimes.  

Phosphorus ,  zinc a n d  m a n g a n e s e  were var ied  in t h e  cu l tu re  m e d i u m  sur ,  
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TABLE 1 

Composition of experimental culture medium 

Formula Elenlent Final conc. 
(ppm) 

Ca(N03)2. 4H20 N 10.0 
Ca 14.3 

KH2PO4 K 1.3 
P 1.0 

IVfgSO4. 7H~O Mg 2.25 
S 2.95 

HzB03 B 0.01 

CuS04. 5H20 Cu 0.001 

KC1 K 0.055 
CI 0.050 

),{KIN O4. 4H20 Mn 0.020 

(NH4)6Mo7024. 4H~0 ~'Io 0.001 

ZnSO4. 7Hi0 Zn 0.005 

FeCla Fe 1.0 

pH 5.5 
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r o u n d i n g  t he  m a i n  basa l  roots,  while  t h e  59Fe label led  ferric chlor ide  was 
suppl ied  to an  i so la ted  po r t i on  of t h e  a d v e n t i t i o u s  roots  p roduced  in t h e  leaf 
axils.  S imi lar  n o d a l  pos i t ions  a n d  roo t  masses  were selected on  e a c h  exper i -  
m e n t a l  p l an t .  This  a r r a n g e m e n t  p r e v e n t e d  59Fe b e c o m i n g  i n a c t i v a t e d  b y  a n y  
of t h e  n u t r i e n t  va r i ab les  in  t he  m e d i u m  d u r i n g  t h e  expe r imen t .  

T r e a t m e n t s  cons is ted  of four  levels each  of phosphorus ,  0, 1, 10 a n d  50 
p p m  P ;  zinc, 0, 1, 5 a n d  20 p p m  Zn;  an d  manganese ,  0, 1, 5 an d  20 p p m  Mn;  
w i t h  5 repl ica tes  for each  t r e a t m e n t .  A l t h o u g h  co n cen t r a t i o n s  of t h e  e l ement s  
phosphorus ,  zinc a n d  m a n g a n e s e  were a d j u s t e d  for pa r t i cu l a r  t r e a t m e n t s  as 
i nd i ca t ed  above ,  t h e  r e m a i n i n g  n u t r i e n t s  were p r e s en t  in t h e  m e d i u m  ac- 
cord ing  to Tab le  1. 

The  isotope so lu t ion  c o n t a i n e d  agFe label led  ferric chlor ide  w i t h  an  a c t i v i t y  
of 10 ~Ci/ml.  Al iquo ts  of 0.3 ml  were i n t r o d u c e d  w i t h  a syr inge in to  p o l y t h e n e  
via ls  of dis t i l led w a t e r  s u r r o u n d i n g  i so la ted  a d v e n t i t i o u s  roots.  E a c h  via l  
c o n t a i n e d  a f ina l  v o l u m e  of 3 ml  w i t h  a t o t a l  a c t i v i t y  of a p p r o x i m a t e l y  3 ,~Ci 
a n d  1 p p m  Fe in solut ion.  
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Exper imen ta l  a r rangement  of in tac t  watercress plants  for the  ap- 
pl icat ion of 59Fe and division of p lan t  organs for analysis. 

Af te r  a 24 h exposure to the  labelled iron, plants  were washed and thei r  
var ious organs, leaves, s tem, advent i t ious  roots, basal  roots and isotope 
applied roots, were excised as separate  samples for dry  weight  determinat ions .  
The  oven dried tissue ( 100°C for 24 hours) was subsequent ly  acid digested and 
the  g a m m a  ac t iv i ty  de termined  using a NaI  (T1) well t ype  scinti l lat ion 
counter.  Results  were expressed on a tissue d ry  weight  basis and all counts  
were corrected for background act ivi ty .  

RESULTS 

The effect of each variable, phosphorus, zinc and manganese, on 
the final 59Fe activity distribution between plant organs is shown in 
Table 2. Increasing phosphorus concentrations from 1 to 50 ppm P 
reduced the 59Fe content of leaves, stem and adventitious roots, but 
with the 0 ppm P treatment the activity levels of these organs, on a 
dry weight basis, were found to be higher than in the 1 ppm P treat- 
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T A B L E  2 

E f f ec t s  of p h o s p h o r u s ,  m a n g a n e s e  a n d  zinc on  ~gFe d i s t r i b u t i o n  in  w a t e r c r e s s  
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T r e a t m e n t s  

p p m  

D i s t r i b u t i o n  of a b s o r b e d  SgFe ( c p m / m g )  d r y  w e i g h t  4- SE) 

L e a v e s  S t e m  A d v e n -  B a s a l  I so tope  

t i t i ous  r o o t s  app l i ed  

r o o t s  r o o t s  

P h o s p h o r u s  0 39 ± 5 44 4- 6 133 4- 10 156 ± 11 2771 4- 46 

1 50  4- 6 57 ± 7 177 4- 12 37 4- 5 2988 4- 48 

10 17 ± 4 38 ± 5 68 i 7 31 ± 5 4363 4- 58 

50 4 4- 2 33 ± 5 31 4- 5 9 4- 3 4879 4- 61 

M a n g a n e s e  0 66 4- 7 155 4- 11 245 4- 14 33 4- 5 5364 4- 64 

1 16 4- 3 53 4- 6 74 4- 7 25 ± 4 2719 4- 46 

5 12 ± 3 39 4- 5 77 4- 8 26 4- 4 1845 4- 38 
20 5 4- 2 21 4- 4 71 4- 7 19 4- 4 1764 4- 37 

Zinc  0 35 4- 5 9 4- 3 86 4- 8 59 4- 7 3564 4- 52 

I 19 4- 4 13 4- 3 83 4- 8 38 4- 5 2761 4- 46 

5 5 ± 2 14 4- 3 39 4- 5 6 4- 2 4759 4- 60 

20 4 4- 2 30 ± 5 8 4- 3 8 4- 2 7213 4- 74 

M e a n  a c t i v i t y  levels  of f ive r ep l i ca t e  p l a n t s  

merit. Basal root activity levels decreased with increasing phospho- 
rus concentration, while the roots to which 59Fe was directly applied 
showed enhanced activity levels with the higher phosphorus con- 
centration treatments. 

With no manganese in the culture medium high activity levels 
were generally found in all plant tissues including the isotope ap- 
plied roots. Treatments of 1 ppm Mn and higher concentrations 
resulted in severe reduction in this activity. 

Increasing levels of zinc reduced the resultant activity levels in 
leaves, adventitious and basal roots, whereas 59Fe activity in stems 
and isotope applied roots was enhanced. 

The plant organs can be arbitrarily divided into two fractions 9 : a 
translocatory portion (TR) and periphery (PER). For the applied 
59Fe to reach the peripheral organs i.e. leaves, adventitious and basal 
roots, it must first be absorbed and distributed through translocat- 
ing portions i.e. isotope applied roots and stem respectively. 

From the results shown in Table 2 it is apparent that increased 
concentrations of the three variable factors resulted in an overall 
reduction in translocation of 59Fe to peripheral organs. The per- 
centage of 59Fe absorbed by the root system that is subsequently 
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translocated to peripheral organs is shown in Figures 2-4. High 
phosphorus concentrations in the culture medium resulted in greater 
retention of iron in the translocatory portion (Fig. 2). Each of the 
three component organs of the peripheral plant portion showed a 
decreased percentage in translocated iron with the increasing phos- 
phorus treatments. 

Increasing levels of manganese in tile culture medium reduced the 
total translocation of 59Fe (Table 2), but the percentage of absorbed 
iron which is translocated is not affected to the same degree (Fig. 3). 
The highest level of 59Fe translocated to the periphery occurred at 
0 ppm Mn; tile remaining treatments all resulted in a lower and si- 
milar degree of iron translocation. A greater percentage of iron was 
translocated to adventitious roots at 20 ppm Mn, but the lesser 
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Fig. 2. The  ef fect  of phosphorus  concentrat ion  in the  culture m e d i u m  on 
the  percentage  trans locat ion  of absorbed SgFe into p lant  organs. 
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Fig. 3. The effect of manganese concentration in the culture medium on the 
percentage translocation of absorbed 591~'e into plant organs. (Key to histo- 

gram see Fig. 2). 

translocation to the leaves in this treatment resulted in only a small 
overall increase in the 'PER'  percentage iron. 

Iron translocation was particularly sensitive to zinc treatments 
(Fig. 4). At a culture medium concentration of 1 ppm Zn the pro- 
portion of absorbed 59Fe subsequently translocated was slightly 
greater than at 0 ppm Zn, but 5 ppm and 20 ppm Zn treatments 
severely inhibited translocation and increased iron retention, par- 
ticularly in the isotope applied roots. 

D I S C U S S I O N  

In the movement of ions from substrate to the shoot, two meta- 
bolically active steps have been proposedl0: active accumulation of 
ions at the root surface, where they combine with membrane carriers; 
and a second active process within the root, where ions are deposited 
into the vascular system. By observing total uptake of iron into the 
plant and its distribution between organs, the influence of phos- 
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Fig. 4. The effect of zinc concentration in the culture medium on the per- 
centage translocation of absorbed 59Fe illtO plant organs. (Key to histogram 

see Fig. 2). 

phorus, manganese and zinc on these active processes can be assessed. 
Several previous studies of iron transport in plants have suggested 

that iron deficiencies in leaves can result from precipitation or im- 
mobilization of iron in translocatory tissues, caused directly by in- 
creased levels of other nutrient factors~ 9. Tile results of experi- 
ments with watercress will be discussed in the light of these proposed 
mechanisms. 

Total translocation of iron in watercress was severely inhibited by 
each of the three nutrient variables at the higher concentrations. 
The reverse effect was reported in Zea mays and Phaseolus vulgaris 
with increasing phosphorus in the culture medium 9. It was conclud- 
ed that tissue iron status would be low initially, due to inactivation 
of iron in the nutrient medium by high phosphate concentrations. 
Consequently, applied labelled iron was readily translocated to the 
deficient tissues. Mobility of iron is enhanced when tissue levels of 
this nutrient are at their lowest 16. The experimental pre-treatment 
of watercress plants with high phosphorus solutions for 72 hours may 
have been of insufficient duration to reduce iron levels in tissues, as 
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iron translocation was found to be inversely correlated with in- 
creasing phosphorus levels. 

Increased activity counts of 59Fe in isotope applied adventitious 
roots of watercress, correlates with increasing phosphorus levels in 
the medium, indicating that the inhibitory action of phosphorus on 
iron transport does not occur at the initial root absorption site. In- 
creased retention of iron in both stem and roots suggests iron inac- 
tivation in these portions. A direct precipitation of an iron-phos- 
phate complex in translocating vessels is a possible explanation of 
these findings, or an effect on naturally occurring chelating agents 
which have been shown to be present in plants 17 20 

Zinc inhibition of iron transport was clearly shown in this in- 
vestigation with little of the initially absorbed iron reaching peri- 
pheral plant organs in high zinc treatments. Activity levels in 59Fe 
labelled adventitious roots rose with increasing zinc concentrations, 
showing that the inhibitory effect of zinc is not at the initial ab- 
sorption site of roots, but  at the loading site into the stem vascular 
system. Zinc may act as a competitive cation in the active metabolic 
transport occurring at this site. 

High manganese treatments had little effect on internal distri- 
bution patterns of 59Fe although the total translocation was reduc- 
ed. This indicates that intereference with iron transport occurs pri- 
marily at the initial root absorption site with no further interactions 
at other locations. Manganese is reported as being antagonistic to 
iron in active absorption in other plant root systems 7 is, and results 
with watercress confirm such a mechanism. The separate applica- 
tion of 59Fe to isolated adventitious roots avoided direct interac- 
tion with manganese in the nutrient medium. Iron uptake was, how- 
ever, reduced with high manganese treatments, indicating an inter- 
nal effect of manganese at the root absorption site. 

Iron deficiency has been diagnosed as causing a specific chlorosis 
in watercress and this condition is often associated with variations 
in tissue levels of phosphorus, zinc and manganese s. These experi- 
ments have shown that an internal interaction of these three nu- 
trient variables with iron can result in reduced iron transport to leaf 
tissue. This internal reaction does not preclude the possibility of 
external interaction of nutrients in the media reducing iron avail- 
ability. 
Received 8 February 1977 
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