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Barley plants grown in standard culture solutions have shown a 
narrow range of manganese tolerance between deficiency and 
toxicity levels in the external medium. In the case of Hoagland's 
soht ion it has been found that the long-used Mn concentration of 
0.5 ppm results in specific toxicity symptoms which appear on the 
older leaves of barley as sma11, brown spots. This necrosis, associated 
with a high Mn-content in the tissues, may be severe enough to 
cause a considerable lowering of yields. As a consequence, recent 
investigations have employed lower concentrations of Mn in the 
composition of Hoagland's solution for some species of plants. 

This report contains the results of experiments comparing rice 
and barley plants grown in Hoagland's solution over a wide fange 
of Mn-concentrations. The study consisted of a comparison of the 
two grasses with respect to the effects of Mn on yield, symptoms of 
toxicity or chlorosis, and iron and Mn-content of various plant patts. 

E ren  though the plants were grown in culture solution, it was 
felt that  the results would give an indication of their sensitivity to 
high Mn-levels. Rice is grown traditionally in submerged soils 
whereas barley is grown in more or less well-drained solls. Under 
such divergent conditions of oxidation-reduction, one would 
expect Fe and Mn to be among the most sensitive of the nutrients 
present in the soil liable to undergo a change in valence. 

METHODS 

The  p l a n t s  were g rown in p a i n t e d  5-gallon cans  filled w i t h  one- f i f th  
s t r e n g t h  H o a g l a n d ' s  No. 2 solut ion.  This  con ta ins  enough  NH4 + to  m a i n t a i n  
good p H  s tab i l i ty .  I r on  was suppl ied  a t  t he  r a t e  of 0.1 p p m  in the  form of 
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ferrous  su l fa te  twice weekly.  Mn was var ied  f rom zero to 5 ppm.  The  solut ions  
were  ae ra t ed  gent ly.  

Three  one-week-old seedlings of ba r l ey  (Hordeum vulgare L., var .  At las  46) 
a n d  rice (Oryza sativa, japo~ica var .  Caloro) were p laced in s epa ra t e  t a n k s  
and  al lowed to grow for 6 weeks. D u r i n g  th i s  per iod obse rva t ions  were m a d e  
on  t h e  a p p e a r a n c e  of t he  p l a n t s  a f te r  wh ich  t h e y  were ha rves t ed ,  dried,  a n d  
weighed.  For  purposes  of analys is  t he  shoots  were d iv ided  in to  3 I rac t ions ,  
young,  ma tu r e ,  a n d  old in t he  ra t io  of 1 : 2 : 1, excep t  in orte case of in- 
suff ic ient  p l a n t  mater ia l .  The  leaf t issues a n d  t he  roots  were ana lyzed  for 
~{n and  Fe. These  were d e t e r m i n e d  as the  p e r m a n g a n a t e ,  a f te r  ox ida t i on  
w i th  per iodate ,  a n d  as t he  o r t h o - p h e n a n t h r o l i n e  complex  of iron. 

RESULTS 

The dry weights of the shoots and roots of both species are given 
in Fig. 1. Starting from deficient levels of Mn, there is a sharp rise 
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Fig. 1. Dry  weights  of ba r l ey  a n d  rice g rown in cu l tu re  solut ions  w i t h  
m a n g a n e s e  as a var iable .  

in weight which reaches a peak around 0.1 to 0.2 ppm Mn in the 
external solution. At higher concentrations there is a gradual 
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decrease in yield for rice and a very steep drop for barley. In Fig. 2 
are shown the values  of Mn-content  in the 3 fract ions of barley 

ii r-, 1200 

'L OLD ~LEAVES 

cc P / / / / ~ ~ ~ ~ ~ A T U R E  LEAVES 

'~ 600 
[ 
o. 

2 3 4 5 
i i i i i 

ppm Mn in solution 

Fig. 2. ~ Ianganese  c o n t e n t  of ba r l ey  leaves  as a f u n c t i o n  of m a n g a n e s e  in 
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Fig, 3. NIanganese c o n t e n t  of rice leaves  ve r sus  m a n g a n e s e  in solut ion.  



224 JAMES VLAI~IIS AND D. E. WlLLIAMS 

leaves plotted against Mn-eoncentration in the solution. The tissue 
Mn rises with increasing Mn in the external medium, with the young 
leaves reaching a value of 400 ppm, the mature leaves 1000 ppm, 
and the old leaves just over 1200 ppm. The trends are similar for 
rice leaves as shown in Fig. 3, except that  the Mn-values are much 
higher. The young leaves reach a value of over 2000 ppm Mn, the 
mature leaves more than 5000 ppm, and the old leaves around 
7000 ppm. These figures are 5 to 6 times higher than the quantities 
found in barley leaves at the same solution concentrations. There 
is a reversal of this situation where the roots are concerned. In 
Fig. 4 it will be seen that  barley roots reach a Mn-content of 8000 
ppm while rice roots have about 5000 ppm at a Mn-concentration 
of 5.0 ppm in solution. 
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Fig. 4. Manganese  c o n t e n t  of ba r ley  and  rice roots  of p l a n t s  g rown in so- 
lu t ions  a t  va r ious  m a n g a n e s e  levels. 

The tissues were also analyzed for Fe and in Fig. 5 there appear 
the results obtained for barley leaves. There is a steep drop in Fe 
content in all 3 groups of tissues going from zero to 0.2 ppm Mn in 
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the external  soh t ion ,  bu t  from there  on the values are re la t ively 
stable. In Fig. 6 the curves for rice also show a rapid decrease in 
Fe-conten t  as Mn is increased at  the lower end of the scale, with a 
slight t endency  to decrease at the higher concentrat ions of Mn. 
I t  will also be noted tha t  the Fe eontent  tends to be about  twice 
as high in rice as it is in barley. 
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Fig. 7. Iron content of barley and rice roots of pIants grown in culture 
sohtions with different manganese concentrations. 

The results of the Fe-analysis of the roots of bo th  rice and bar ley  
are shown in Fig. 7. Again, as in the shoots, there is a sharp drop 
in Fe-conten t  of the roots as the ~{n-concentration in solution is 
raised Irom zero, bu t  in the toxic range of Mn-concentrat ion the 
curves do not  show consistent trends. 

The Fe/Mn ratios by  tissues are given in Table 1. In bo th  species 
the ratios decrease from the young to the old tissues, reflecting a 
greater  t endency  for Mn to aceumutate  in the older tissues than  for  
Fe. 

Examina t ion  of the plants before harvest ing revealed a severe 
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incidence of brown spotting on the old barley leaves at the two 
highest Mn-concentrations. These necrotic spots were less severe on 
the rice leaves but were otherwise similar in aspect to the ones on 
barley. In neither speeies did chlorosis make an appearance under 
the influence of high Mn-uptake. There were no visible signs of Mn 
toxicity on the roots of barley or rice. 

T A B L E  I 

Iron-manganese ratios in barley and rice tissues 

2,'In in Barley Rice 

so]ution, Young Young 
ppm leaves Roots leaves Roots  

0.00 
,05 
ù10 
.2 
.5 

2.0 
5.0 

3.0 
2.7 
1.3 

.98 

.41 

.16 
ùil  

Mature Old 
leaves leaves 

1.8 .69 
1.1 .54 

.76 .26 

.33 .18 

.15 .08 
ù05 .O4 

19.3 
9.0 
6.1 
3.0 

i 1.1 
I .9 

6.3 
6,9 
3.2 
4.3 

2.9 
ùi5 
ù03 

Mature OId 
leaves leaves 

6.3 4.7 
1.7 1,2 
1.2 ,67 
.46 ,42 
.28 .15 
ù04 .04 
.02 .02 

1300 
350 
334 

216 
60 

3.6 
1.4 

D I S C U S S I O N  

These experiments show barley to have a greater sensitivity to 
high Mn than does rice as measured by the intensity of necrotic 
spotting on the leaves and decrease in growth. What is even more 
remarkable, this occurs in spite of a much higher accumulation of 
Mn in rice leaves by a margin five or six times greater than that 
found in barley tissues under comparable conditions. The lowered 
yield under high Mn may reflect the influence of necrotic spots in 
the leaves decreasing the area of active photosynthesis. In addition 
to this, the high Mn content of the leaves may also produce some 
biochemical disorders which would require a different kind of 
study to demonstrate. 

The ability of rice plants to tolerate higher Mn-concentrations 
than can barley may be part of an adaptive mechanism acquired 
in the course of evolution that enables this species to grow under 
submerged soil conditions with enhanced Mn-availability. Barley 
is adapted to a well-drained soil environment and may be unable 
to cope with a high Mn-regime as well as rice. It must be added, 
however, that in these experiments rice tissues had roughly twice 
as high an Fe-content as barley and this may contribute to its 
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greater tolerance of high Mn, in accordance with the relationships 
obtained by  S o m e r s  and S h i v e  15 

The findings reported here of a great tolerance for Mn by rice 
plants do not support a theory propounded recently by  S ene- 
w i r a t n e  et al. 14 as to why rice shows superior growth in submerged 
versus drained solls. This theory claims that, under drained con- 
ditions, featuring a predominantly nitrate source of nitrogen, there 
is greater Mn-uptake by rice and this is supposed to affect the 
indoleacetic acid oxidase mechanism and accelerate the destruction 
of auxin. In the text of that paper it is stated that  as rauch as 0.40 
per cent Mn (4000 ppm) was found in rice plants grown untier 
unflooded conditions. In their table 2, however, the data shows 
only .0375 per cent Mn in the soluble fraction and 0.0414 per cent 
in the insoluble fraetion for a total of 0.0789 per cent. This total 
is only one-fifth the value given in the text. These amounts are weil 
below those found neeessary in our experiments to produee toxicity 
effects suffieient to lower yields. In other words, our evidence does 
not fit into the suggestion that high Mn-uptake in well-drained solls 
might be a decisive factor in the inferior growth of rice compared 
with that grown in submerged solls. 

On this same point it should be added that considerable work can 
be cited to show that Mn-availability and absorption are aetually 
enhanced by reducing conditions in poorly aerated or submerged 
solls. In the first place, S c h o l l e n b e r g e r ,  M e t z g e r ,  R o b i n s o n ,  
and P o n n e m p e r u m e, among others, have shown that submergerme 
increases the amount of Mn extractable from soll. In the seeond 
place, several workers have demonstrated that Mn uptake is 
increased when solls are treated so as to favor reducing conditions. 
G o d d e n  and G r i m m e t t  6 found 50 to 60per cent more Mn in oats 
and mustard grown in undrained compared to drained solls. P i p e r 10 
was able to increase the uptake of Mn in oats by water-logging 
solls a week before seeding. He also showed more Mn was absorbed 
by oats grown in soll kept at 90 per cent water saturation compared 
to solls at lower moisture tensions. In experiments eonducted by  
C la rk  et al.a, the Mn-content of rice plants grown under submerged 
conditions was tenfold greater than that found in plants grown 
without submergence. It  is difficult to reconcile all of these results 
with the theory that rice plants grow bet tet  in submerged solls 
because they absorb less Mn. 
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The analysis of the tissues for Fe shows that increasing Mn in the 
low range causes a steep drop in the Fe-content of both barley and 
rice. This would suggest a strong interaction but  it may, instead, 
be a dilution effect since the curves in that region of supplied Mn 
are fairly good inverse images of the growth curves. In the higher 
range of Mn there is no appreciable effect on the fron content of 
the tissues. 

It is interesting that none of the plants exhibited symptoms of 
chlorosis, in the presence of such large amounts of Mn in the tissues, 
as has been reported by many workers in the past. In reviewing 
this subject some time ago 17, T w y m a n  made the observation that 
"at  this stage it is not possible to differentiate between fron de- 
ficiency and manganese toxicity." It wasn't long after this that 
W a l l a c e  and H e w i t t 1 8 ,  B e r g e r  and G e r l o f f  1, and L ö h n i s 8  
produced evidence to distinguish between the two conditions. The 
toxicity symptoms in our experiments were confined to the shoots 
and this is in accord with B o r t n e r ' s  work 2 in which he reported that 
the roots were unaffected by the high Mn-treatments. It is quite 
likely, though, that  at still higher Mn-concentrations the roots 
would also show symptoms. 

The roots of barley and rice are high in fron as suggested by  the 
chemical analysis. Much of this fron may be deposited on the 
external surface of the roots judging from their bright, red color. 
This was noticed long ago by Gi 1 e and C a r r e r 0 5 who found a large 
amount of fron in the ash of rice roots. They assumed it was due to 
the presence of finely divided fron oxide on the roots and called it 
seleetive contamination from the soil. Since our plants were grown 
in nutrient soiutions, the question of soil contamination is ruled out 
and we taust be dealing with something more like selective non- 
absorption. A more positive way of looking at it might be to consider 
the electrostatically negative character of the root surIace as an 
attractive force for the highly charged, positive ferric ions. 

G e r i c k e  4 also reported this heavy fron coating on the roots of 
rice plants and was orte of the first to recognize the pre-eminence of 
fron in the nutrition of rice. In testing the then known essential 
minerals, be found that fron, above all other nutrients, had to be 
supplied throughout the greater part of the growth period to 
maintain satisIactory growth. He interpreted this to mean that 
either the rice plant could not absorp sufficient fron in its early 
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stages to sustain later growth or the  iron was  so immobi l i zed  in the 
older t issue that  it was  unavai lable  for new growth.  

SUMMARY 

The growtk  of rice and bar ley was s tudied  in nu t r i en t  solutions wi th  Mn as 
a variable over  the  range from zero to 5 ppm.  The o p t i m u m  growth  in these 
solutions was ob ta ined  when  the  Mn-concen t ra t ion  was a t  0.1 and 0.2 ppm.  
Below this  levet the  yields d ropped  rapidly  for b o t h  species. At  h igher  levels 
of Mn the  yield of bar ley fell rap id ly  while t h a t  of rice did no t  show a sig- 
nif icant  decrease unt i l  the  5-ppm t r e a t m e n t  was reached  and even then  the  
drop was sl ight compared  to barley.  

Severe s y m p t o m s  of 3/in tox ic i ty  appeared  on the  old leaves of bar ley bu t  
only sl ight s y m p t o m s  showed on fi te.  Nei ther  species developed chlorosis. 
The Mn-con ten t  of bar ley leaves reached a value of 1200 ppm,  while t h a t  of 
rice weh t  as high as 7000 ppm.  In  the  roots  the  s i tua t ion  was reversed wi th  
bar ley hav ing  8000 p p m  Mn agains t  5000 for rice. 

S ta r t ing  f rom zero Mn supplied,  the  iron con ten t  of rice and bar ley  fell 
rapid ly  in the  low range of Mn bu t  th is  appeared  to be a d i h t i o n  efIect. At  
the  higher  range of Mn in solution, the  t issne iron leveled off. The level of Fe 
in rice leaves t ended  to be roughly  double  t h a t  in barley. Subs tan t ia l  a m o u n t s  
of iron were found in t he  roots  bu t  much  of this  was visible on the  surface, 
p robab ly  in the  form of iron oxide. 

The resutts  were discussed in the  l ight  of a recent  theory  concern ing  the  
possible role of Mn in account ing  for the  inferior growth  of rice in dra ined  
solls com pa red  to submerged  solls. 

Recived May 21, 1963 
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