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INTRODUCTION 

W h e n  more sulphate  is t r anspor ted  to p lan t  leaves than  can be metabol ized  
i t  accumula tes  in t h e m  as bo th  sulphate  and organic sulphur.  I f  no more 
su lphate  is supplied, the  sulphate  in the  tissues falls progressively to a ve ry  
low concent ra t ion  by  di lut ion and metabol ism.  This even tua l ly  results in the  
appearance  of sulphur  deficiency; because of a shortage of S, prote in  synthesis  
s tops and the  leaves tu rn  a paler  green. 

E r e n  when  sulphate  is r emoved  from the  supply,  i t  m a y  take  a considerable 
t ime  for S-deficiency symptoms  to develop 17 since the  metabo l i sm continues 
to draw on residual sulphate  still present  in the  tissues. Because of the  low 
ra te  of t rans locat ion  of sulphate,  the  upper,  younger  leaves tu rn  yel low first;  
on the  branches  of S-deficient  trees, the  chlorotic t e rmina l  g rowth  can be 
readi ly  dis t inguished f rom the  older, greener leaves below 

Since the  organic forms of S and N are invo lved  to a large ex ten t  in the  
synthesis  of proteins,  the  ra t io  of organic-S to organic-N in the  p lan t  should 
lie close to t h a t  in its proteins.  I n  perennial  ryegrass a conten t  of 0.027 g ram 
atoms organic-S per  g ram a tom of organic-N was found in the  foliage, 
independen t  of t he  to ta l -S and to ta l -N contents  16. This  ra t io  would  appear  
to  be of va lue  in assessing the  sulphur  requi rements  and also provides  a means 
for ca lcula t ing f rom the  to ta l -S  and organic-N contents  the  cont r ibut ion  of 
sulphate  to the  ionic ba lance  1s. The  above  va lue  has been used as a basis 
for ca lcula t ing the  organic-S contents  of a number  of p lan t  species f rom their  
organic-N contents  11 51. However ,  in view of possible var ia t ions  in this ratio,  
i t  would  appear  more appropr ia te  to  use a va lue  based on da ta  for a greater  
range of p l an t  species. 

The  purpose  of this  ar t icle  is to ex t rac t  f rom the  l i tera ture  values for or- 
ganic-S and organic-N, to see whether  there  is any s imilar i ty  in the  rat ios for 
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differellt plant  species that  may give some confidence in a particular value, 
and to show tha t  this ratio is of real sigllificance in the study of proteiI1 
synthesis and the sulphur requirements for growth. 

All data have beell recalculated as gram atoms S and N in their various 
forms per kg dry plant  material. Orgallic-N has been calculated from total-N 
minus llitrate-N; errors due to illcomplete recovery of nitrate-N in the de- 
termillation of total-N have beell igllored since these are presumed small. In  
the absence of nitrate and where ammonium was supplied in solutioll, total-N 
has been considered equal to organic-N; this has also been done where the 
llitrate content was not recorded, but  where other evidence suggested its 
presence in illsignificant amounts. 

RESULTS OF REVIEW 

Sulphate and organic sulphur 
Total-S is usually determined by ashillg and subsequent extraetioi1 as sul- 

phate, sutphate-S by bot water extractioll of the dry, powdered plant  material 
in the presence of HC1, and organic-S by differellce. Incomplete extractioll of 
sulphate will result ill too high a value for orgallie-S; this may accoullt for 
the abllormally high ratio of orgallic-S to organic-N obtailled from the data 
of H a l l  ~3 for alfalfa hay. The presellce of ethereal sulphates aa was illferred 
from a greater recovery of sulphate after prolollged treatmellt of the plant  
material with hot dilute acid, but  their Ilature and the extellt of their oc- 
currence remaills uncertaill õ4 A typical discrepallcy was fOulld in E a t o l l ' s  
results 12 for soybean. In  the sulphur-deficient plants, the ratio, total-S to 
organic-N appeared to be 0.025, a value typical of the ratio of organic-S to 
orgallic-N, and these plants must have colltained very little sulphate. The 
records show as much as 0.03 gram atoms sulphate-S per kg dry matter;  it 
would seem that  the quoted values for sulphate-S were too high. 

The absence of sutphate in sulphur-deficient plallts has been observed by 
P e t e r s o l l  ~9 in the case of rape, radish and clover growing in a sulphur 
deficiellt soil with all abulldallt supply of other nutrients, utilizing all availa- 
ble sulphate in the tissues and leaving none as sulphate. For diagnostic pur- 
poses however, it is desirable to specify more exactly what is meant  by the 
absence of sulphate in S-deficiellt plallts. A slow rate of redistributioll and the 
tocalization of metabolic collsumption may meall that  some sulphate is not  
readily accessible for metabolism, and a more detailed allalysis may reveal 
sulphate in crops otherwise designated as free from slllphate. 

T h e  order  of m a g n i t u d e  of the  v e r y  low s u l p h a t e  c o n t e n t s  of S- 

def ic ien t  p l a n t s  m a y  be e v a l u a t e d  f rom the  d a t a  of W a l k e r  a n d  

B e n t l e y  52. All  p l a n t s  d e s i g n a t e d  as def ic ien t  accord ing  to the i r  

y ie ld  response  to s u l p h a t e  a p p l i c a t i o n  were those  w i t h  s u l p h a t e - S  

c o n t e n t s  be low 0.006 g r a m  a t o m s  per  kg d r y  m a t t e r .  F r o m  t h e i r  
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quoted values, the organic-S contents have been calculated and 
plotted in Fig. 1 against the total-N contents. The line relating these 
two quantities indicates an organic-S : total-N ratio of 0.023. Since 
this corresponds to the normal ratio of organic-S to organic-N, it 
suggests a very low nitrate content with total-N being practica!ly 
equivalent to organic-N. 
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Fig. 1. Organic sulphur (solid dots) and sulphate sulphur (open circles) in 
field grown legumes in relation to the to ta l  nitrogen content Nr. Data  of 

W a l k e r  and B e n t l e y  5~. 

Fig. 2. Total  nitrogen (Nr) , protein sulphur (Sp), protein nitrogen (Np) and 
sulphate sulphur (SO4) in red clover. Data  of M i l l e r  33 
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In Fig. 2, the data of Mi l l e r  ~~ for red clover have been presented 
in a similar way, in this case plotting the content of sulphate-S, 
total-N, protein-S against protein-N. At harvest none of the plants 
had sulphate-S contents below 0.006 gram atoms per kg dry matter 
and none responded to sulphate added in the fertilizer. Protein-N 
constituted about 70 per cent of the total-N and the line drawn 
through the points for protein-S indicates a S : N ratio of 0.023 ]n 
the proteins. 

In general, organic-S contents of plants vary proportionally with 
the organic-N contents. Depending on the species, manurial con- 
ditions and stage of growth, organie-N ean vary from, say, 1 to 4 
gram atoms per kg dry marter. Sulphate-S contents depend on the 
supply of mineral ions and on the ability of the species to accumulate 
sulphate in excess of metabolic requirements. A summary of the data 
on both forms in vegetation (Fig. 3) shows that  the content of sul- 
phate-S varies to a much greater extent than that  of organic-S. 
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Fig. 3. Organic sulphur and sulphate sulphur in various plant species. From 
data of Thomas et al. 4s, the solid dots are for Tamarix. The crosses are for 

5 grass species Irom data of Aitken 1 

Fig. 4. Organic sulphur (ordinates) and sulphata sulphur (abscissae) in 
alfalfa fumigated with sulphur dioxide. Data of Thomas et al. 47. 

The data presented in Fig. 4 for the variation in the sulphate 
content of alfalfa induced by fumigation with sulphur dioxide are 
of particular interest. In spite of a more than ten-fold increase in the 
content of sulphate-S in the tissues, that  of the organic-S remained 
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c o n s t a n t .  T h e  a b s o r b e d  s u l p h u r  d i o x i d e ,  a f t e r  o x i d a t i o n  to  s u l p h u r  

t r i o x i d e ,  is c o m b i n e d  w i t h  w a t e r  f r o m  t h e  t i s sue s  to  f o r m  s u l p h u r i c  

ac id .  

Up to about  300 mlnol sulphuric acid per kg dry marter  was introduced by  
fumigation, and t i t ra t ion  of the sap indicated a buffer capacity of about 
200 me per unit  pI-I per kg dry mat te r  within the pH range 4 to 6. In  spite of 
the large excess of sulphuric acid, the p H  of the sap of the fumigated plants  
remained at  pH 5.9, the same as tha t  in the control plants  ; the only diIference 
was tha t  the buffer capaci ty  of the sap of the fumigated plants  within the 
range of pH 5 to 3 was smaller. Since in this range the acids of the sap soluble 
orgallic salts are the main buffering agents 7, fumigation must  have caused a 
decrease in the orgallic anion content  of the leaves. The sap from 1 kg dry 
weight from the fumigated plants  required about 300 me less acid to change 
the pH from 6 to 3 thart tha t  from the non fumigated plants. On the alkaline 
side, between pH 6 and 9, no effect of fumigation on the buffer capaci ty  of the 
sap was observed, and since within this range the amino acids act as buffer 
agents, these do not  appear  to have been affected by  fumigation. Collsiderably 
more sulphate and less carbonate was found in the leaf ash of fumigated than  
in tha t  of llon fumigated plants, bu t  the inorganic cations were present in 
about  the same amounts. 

The above filldings suggest tha t  sulphur dioxide applied to leaves accumu- 
lates as the sufphates of the inorganic catiolls in the leaves. The alkali re- 
quired to ileutralize the sulphuric acid introduced by  fumigation comes from 
the decarboxylat ion of their  organic salts in the leaves, and the sulphates 
accumulate at  the expense of the sMts of organic p lant  acids. This is similar 
to the mechanism of accumulation of inorgallic anions, absorbed by  the root 
system in association with hydr0gen ions 14 15 51. The conclusion of T h o m a s  
et al., tha t  neutralization of the sulphuric acid 'was largely accomplished by  
organic bases such as amino groups and other llitrogenous compounds'  does 
not  agree with their experimental  results. 

F ig .  5 s u m m a r i z e s  t h e  u n p u b l i s h e d  r e s u l t s  of V e r t r e g t  for  t h e  

o r g a n i c - N ,  o r g a n i c - S  a n d  s u l p h a t e - S  of t h e  a l g a  S c e n e d e s m u s ,  t h e  

l ine  i n d i c a t i n g  a g r a m  a t o m  r a t i o  of 0.027 for  t h e  o r g a n i c  m a t t e r .  

S u l p h a t e  v a r i e d ,  b u t  a l w a y s  we l l  a b o v e  t h e  d e f i c i e n c y  leve l .  

R e l e a s e  of s u l p h a t e  f r o m  o r g a n i c - S  h a s  b e e n  o b s e r v e d  d u r i n g  s t a r -  

r a t i o n  in  t h e  d a r k ;  F ig .  6 i l l u s t r a t e s  t h i s  e f fec t  in  d e t a c h e d  l eaves .  

T h e  t o t a l - S  r e m a i n e d  u n c h a n g e d  a n d  a v a r y i n g  f r a c t i o n  of t h e  p r o -  

t e i n -S  r e l e a s e d  b y  p r o t e o l y t i c  b r e a k d o w n  w a s  r e c o v e r e d  as  s u l p h a t e -  

S. I t  m a y  be  a r g u e d  f r o m  th i s  t h a t  m e t a b o l i c  r e o x i d a t i o n  of o r g a n i c -  

S c a n  t a k e  p lace .  

P l a n t s  s u p p l i e d  w i t h  a m m o n i u m  sa l t s  m a y  c o n t a i n  g r e a t e r  a-  

m o u n t s  of s u l p h a t e  t h a n  t h o s e  g i v e n  n i t r a t e .  I n  t h e  l a t t e r  case  a 
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Fig. 5. Organic sulphur (filled dots) and sulphate sulp•ur (open circles) in 
relation ~co organic nitrogen (No) in the alga Scenedes~us spec. Data of 

V e r t r e g t  (unpublished). 

Fig. 6. Total sulphur (solid dots) and sulphate sulphur (open circles) in 
detached leaves of Phaseolus. The ôrigins of the arrows indicate the initial 
contents, the points those found after some days in darkness. Protein sulphur 
(abscissae) decreased by proteolysis and sulphate increased at a constant 
total sulphur content. Figures in grams per kg initial fresh weight. Data of 

M o t h e s  34. 

considerable proportion of the anion uptake is concerned with ni- 
trate and the change from nitrate to ammonium allows more of the 
anion uptake capacity to be occnpied by other salt anions al. The 
only exception appears to be a change from nitrate to ammonium 
when nitrate in the supply is replaced by chloride. In this case chlo- 
ride may be a more eIfective inhibitor of sulphate accumulation than 
nitrate so that  the sulphate content of plants supplied with both 
ammonium and chloride may be lower than that  of plants supplied 
with nitrate, but no chloride. H e i s e r i c h  25 attempted to explain 
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this on the basis of competition between nitrate and sulphate for 
reducing metabolites, but  this theory confuses two entirely different 
phenomena. The competative factor thought to be localized in the 
metabolic utilization system is merely a case of salt ion competition 
in the accumulating system. R o s z  43 and M o t h e s  84 correctly attri- 
buted F Ie i se r i ch ' s  findings to his introduction of chloride in the 
salts supplied with ammonium. B a u e r ,  who reported on sulphate 
and nitrate in a number of plant species, also criticized the con- 
clusions of H e is e r ic h, but, her records should not be considered in 
this connection. 

Protein sulphur and protein nitrogen 
Most of the organic S and N in plants is used in protein synthesis 

and the composition of the proteins determines to a large extent the 
ratio of organie-S to organic-N in the plant material. Data sup- 
porting this are presented in Fig. 7 in which the lines relating S and 
N contents indicate similar ratios of 0.033 for both organic and 
protein material. I t  is clear from the leit-hand Iigure that the 
sulphate-S content (St minus So) was very rauch higher than the 
critical level of 0.006 gram atoms per kg dry matter, and this agrees 
with the fact that  the varying supply of sulphate had not affected 
the yield. 
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Fig. 7. Total  sulphur (open circles), organic sulphur (So) and protein sulphur 
(Sp) plot ted against organic nitrogen (No) or protein nitrogen (Np) in the dry 

marter  of Phal«ris tuberosa. Data  of W o o d  and B a r r i e n  54 
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Results for Lolium subulatum are summarized in Fig. 8 The N. 
content varied according to the plant organ sampled and the du- 
ration of a starvation period in the dark. The ratio of protein-S to 
protein-N remained at 0.031. 

The data of N i g h t i n g a l e  et al.~6 gave variable values for the 
ratio of organic-S to organic-N in tomato, well outside the normal 
range, and it is likely that  the analyses were unreliable. 

L u g g  27 as reported on the ratio of S to N in proteins prepared 
from the leaves of a number of plant species ranging in age from 
young to quite old and also gave the protein contents of the materials 
used. In Fig. 9 the protein-S contents have been plotted against the 
protein-N contents of the dry plant material. The average value of 
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Fig. 8. Total  nitrogen (Nr), protein nitrogen (Np), total  sulphur (St) and 
protein sulphur (Sp) in Lo l ium subulatum. Data of W o o d  and B a r r i e n  õ5 
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Protein sulphur (Sp), protein nitrogen (N~) and total Ilitrogen (Nr) 
in some gramineous plants and legumes. Data of Lugg ~7 ~8. 

the ratio of these two quantities was 0.030; the data reported suggest 
that the ratio was about 0.032 in gramineous plants and about 0.025 
in legumes. 

The different kinds of proteins that  occur in plant material may 
differ from one another in the S : N ratio. The data of O s b o r n e  a8 
for proteins from wheat kernel suggest that  the gluten proteins have 
a ratio of 0.030; the embryo albumins of 0.035 and the globulins of 
0.015. Proteins associated with the nucleins had much higher ratios 
of 0.05 to 0.06. 

Data on the varying S : N ratio of leaf proteins is provided by  the 
work of W ood  and bis associates on A ndr@ogon sudanensis: the 
results for plants of different age and for isolated chloroplasts are 
summarized in Fig. 10. As expected, the protein-N content de- 
creased with increasing age of the plants; during the early growth 
stages with high protein content, the ratio, protein-S : protein-N 
was about 0.028, but  increased gradually with increasing age to 
about 0.038. The chloroplast proteins had a constant S : N ratio of 
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Fig. 10. Protein sulphur (S»), chloroplast protein sulphur (S~e), protein 
nitrogen (Np) and chloroplast protein nitrogen (Npe) in the dry material of 
Andropogon sudanensis of varying age. Data of H a n s o n  et al. 24 and 

B a r r i e n  and W o o d  a 

about 0.065. The right-hand figure shows more distinctly a similar 
increase in the S : N ratio of the protein with increasing age and 
decreasing protein-N content. 

Fig. 11 shows that with increasing age there was a continuous 
increase in the proportion of chloroplast protein in the total protein, 
and this would appear to aceount for the corresponding increase in 
the organic-S : organic-N ratio in the plant material. Although the 
effect of age on this ratio may be small, statements that it remains 
constant during plant development are not necessarily correct. 

Some workers have investigated the distribution of S and N in different 
particulate Iractions of plant  tissues. M e r t z  and M a t s u m o t o  30 separated 
cytoplasmic protein and a green particulate fraction from the leaves of alfalfa. 
From analysis for amino acids S : N ratios of 0.013 and 0.016, respectively 
can be calculated, and these values are unexpectedly low compared with 
other data on plant proteins. 
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Fig. 11. Changes in fresh weight per uni t  dry weight, in protein nitrogen 
(N~) and in chloroplast-protein nitrogen contents with plant  weight and age 

in A~dropogon sudanemis. Data of W o o d  58. 

From barley leaves, F u j  i w a r a  and T o r i i  2o prepared a coarse Iraction (A) 
of cell walls, nuclei and cell debris, a green particulate sediment (B); cyto- 
plasrnic protein (C) and a Iraction D consistillg of cytoplasmic non-protein 
material. The plants nsed were grown with and without sulphate in the 
supply. The resuks, expressed in gram atoms per kg. dry matter, are sumrna- 
rized in Fig. 12. The solid symbols are for nitrate, and the open symbols for 
ammonium in the supply; the lengths of the vertical ]ines correspond to a 
S : N ratio o5 0.025. 

I t  will be observed from Fig. 12 that  the S : N ratio in the dry marter of 
the fractions B and C was higher when arnmonium was replaced by nitrate in 
the supply. This is contrary to what rnight be expected in view of other 
findings which showed that  form of nitrogen supply had generally no effect 
Oll the ratio, organic-S : organic-N in the tissues. There is some indication 
that  the S : N ratio is higher in the green particulate material (B) than in the 
cytoplasmic protein (C), hut this applies only tn the plus-sulphur plants and 
the difference is small. In  the soluble, non-protc u cytoplasmie fractioI1 (D), 
the ratio is lower in the - - S  plants than in the + S p: ants, presumably because 
of the absence of sulphate in the forrner. 

Sulphur shortage is also assoc.iated with a lower dry weight of the cyto- 
plasmic protein fraction (C), but  not of the green particulate fraction (B). I t  
would appear, therefore, that  the fall in protein content eharacteristic of 
sulphur deficiency is assoeiated rnainly with the eytoplasmie proteins and not 
with the proteins of the chloroplasts. This rnay explain the increase in the 
ratio, protein-S : protein-N brought about by S-deIieiency in cotton 19 and 
discussed in detail in a previous article 1» 
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Fig. 12. Nitrogen (triangles), sulphur (circles) and dry marter (crosses) in 
particulate fractions (A and B), cytoplasmic protein (C) and cytoplasmic non- 
protein material (D) Irom the leaves of barley. The dry marter is given as 
fraction of total dry weight × 1/10. Data oI F u j i w a r a  and T o r i i  20. 

Methionine-S and cystine-S represent the sulphur present in 
proteins. For instanee, data from analysis for methionine and 
cystine contents of gliadine preparations 12 gives a ratio of cystine-S 
plus methionine-S to N of 0.030 in gliadine, which is very close to 
O s b o r n e ' s  values for gliadine derived from elemental analysis. 

By mierobiological assay, M e r t z et al.81 determined all the amino 
acids commonly recognized as normal constituents of plant proteins, 
in hydrolysates of alfalfa with and without S-deficiency. The results 
are summarized in Fig. 13 in terms of gram moles per kg dry weight 
of plant material hydrolyzed; the data include both free amino acids 
and those from the proteins. The values for methionine and cystine 
are both expressed as gram atoms of sulphur present in these forms. 
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Fig. 13. Amino acids in hydrolyzate of alfalfa with adequate sulphur 
(shaded colnmns) and deficient in sulphur (unshaded colnmns}. The upper 
columns give the total gram atoms N and S in the amino acids, the lower 

columns plant weights in arbitrary units. Data of Mertz et. M. al 

The two upper histograms represent the total-N and total-S of the 
amino acids. In the normal plants, with the shaded column for S, 
the ratio S : N is 0.027; this agrees very closely with the S • N ratio 
of alfalfa proteins prepared by L u g g .  In the S-deficient plants the 
ratio is only 0.013. 

A comparison between the deficient and the normal plants shows 
that  cystine and methionine did not decrease out of proportion to 
the decrease in the content of the other amino acids as a result of 
S-deficiency. It  was therefore assumed that  in the deficient plants 
protein synthesis was limited by the amount of cystine and methio- 
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nine in the tissues. However, the total amino acid nitrogen content 
remained unchanged, because of a compensatory increase in as- 
partic acid in the deficient plants; in these plants 78 per cent of the 
aspartic acid could be removed by dialysis and was thus not an 
integral constituent of the proteins. 

Sulphur and protein synthesis 

In  this connection,  reference to the  work  of T o t t i l l g h a m  a0 occurs in the 
l i terature.  Red  clover was grown at  va ry ing  propor t ions  of n i t ra te  and sul- 
pha t e  in the  supply.  The  n i t ra te  and llitrogell contents  oI the  plants  were the  
same, i l ldependel l t  of the  a m o u n t  of n i t ra te  supplied, so t h a t  none of t hem 
were deficient  of nitrogell.  The  increase in yield wi th  increasing sulphate  
supply  could, therefore,  be ent i re ly  a t t r ibu ted  to  an improvemel l t  of the  
sulphur  status,  wi th  a correspondil lg increase in dry  m a t t e r  and prote in  
product ion.  However ,  this inves t iga t ion  merely  confirms the  necessity of 
su lpha te  for growth and shows wi th  an adequate  N-supply  the  amoun t  of N 
ut i l ized illcreases wi th  the  yield. Any  factor  which affects growth other  t han  
the  N-supply  will give the  same result.  Again,  the  findings of T o l m a n  and 
S t o k e r  49 t h a t  all illcreases in seed yields of sugar beet  following the  appli- 
cat ion of S were obta ined when N was applied and tha t  responses to N were 
obta ined  wi th  addi t ional  S, can be applied to any  combinat iol l  of essential  
factors and therefore  do no t  express the  S : N relat ionship in the  presell t  
context .  

Protein synthesis may presumably be limited by a shortage of 
sulphuretted amino acids in the tissues and this forms the basis of 
the close relationship between S and N utilization by growing plants. 
When sulphur deficiency begins, the conversion of nitrate and am- 
monium into organic-N may continue and a cessation of protein 
synthesis makes free amino acids to accumulate in the tissues. The 
results of M e r t z et al. 81, previously discussed, already showed that  
non-protein organic-N accumulates in alfalfa in the form, giving 
aspartic acid on hydrolysis. 

Fig. 14 shows t h a t  in S-deficient  alIalfa amide-N accumulates  in large 
amoull ts .  The  amide-N was shown by  ch romatography  to be mail l ly  aspara- 
gine. I n  this  par t icular  exper iment  to ta l -N was not  de termined and since the  
S-deficient  plan±s were smaller  their  N-col l tents  m a y  have  been higher  be- 
cause of reduced exhaust iol l  oI the  N supplied. In  spite of this i t  would appear  
reasollable to  collclude t h a t  the  illcrease in asparagil le was the  direct  result  of 
a reduced prote in  synthesis, in view of the  fact  t h a t  i t  became more than  ten  
fold. 

Fig. 15 i l lustrates the  accumula t ion  of free, non protei l l  amillo acids in 
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Fig. 1 4. Amide  ni t rogen in petioles and sterns of normal  (so]id dots) and of 
sulphur  deficient  (open circles) alfalfa. D a t a  of R e n d i g  and M c C o m b  42 

Fig. 15. Free  amino  acids in leaves of bar ley  wi th  adequa te  sulphur  (shaded 
columns) and wi th  sutphar  shortage (unshaded columns). Da ta  of C o ic  et al. 9. 

normal  and S-deficient bar ley  leaves 9. Sulphur-def ic ient  plants  gave a lower 
yield, b a t  the  to ta l -N con ten t  of 2 g ram a toms per  kg dry  mar te r  was un- 
affected;  on the  o ther  hand  the  concen t r adon  of free amino acids was about  
twice t h a t  in normal  plants,  the  increase being main ly  in asparagine,  gluta-  
mine, glycine and serine. Using a similar  techniqu  e C o 1 e m a n 10 also found an 
increase in free amino  acids such as asparagine,  glutamine,  and arginine in a 
number  of p lan t  species ; the  type  of amino  acid or amide showing the  greater  
increase var ied  somewhat  be tween  species. 

With  a more severe S-deficiency the organic-S • organic-N ratio 
m a y  fall to a subnormal  value because of the relat ive increase in free 
amides and amino acids low in sulphur.  An example  of this is shown 
in Fig. 16. Wi th  one exception,  the rat io of organic-S to organic-N 
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Data  of R o s z  43 

was 0.025 in the non S-deficient plants which contained sulphate 
besides organic sulphur. In the S-deficient plants, sulphate was 
absent ar/d the ratio fell to an abnormally low value between 0.005 
and 0.010. 

Sulphur and proteolysis 
The behaviour of S during proteolysis, e.g. during the mobili- 

zation of reserve proteins in seeds and cotyledons, is of particular 
interest. Some of the results of M o t h e s 34 dealing with this problem 
are summarized in Fig. 17. Seeds of Pisum sätivum were germinated 
on sulphate free nutrient sohtions and assayed at intervals for 
protein-N, protein-S, total-S and sulphate-S in the seeds plus seed- 
lings. In one set, raised in the dark, the protein content decreased 
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Fig. 17. Protein nitrogen (Np), protein sulphur (Sp), total sulphur (St) and 
sulpha~e sulphur (SO4) in the seeds plus seedlings of Pisum saXivum, grown on 
sulphate-free nutrient solution. Open symbols - plants in the light; solid 

symbols - plants in the dark. Data of 3/iothes 34. 

Fig. 18. Total sulphur (St), organic sulphur (So), organic nitrogen (No) and 
plant weights (crosses), in maize seedlings with sufficient Fe (around 2 g dry 

weight) and deficient in Fe (around 0.7 g dry weight). Data of Rosz 43 

cont inuously  during the 15 days af ter  emergence, the total-S content  
remained unchanged whilst sulphate  increased at  the expense of 
organic-S; the las t  indicates oxidat ion of organic-S to sulphate-S 
during proteolysis.  In  the light, during the first 5 days, there  was a 
slight decrease in prote in-N and protein-S, and some increase in 
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sulphate; thereafter however, the protein content was maintained 
by de novo synthesis in the seedlings and the sulphate content fell 
rapidly through metabolic consumption. It  appears from the graph 
that in all samples the ratio, protein-S : protein-N was maintained 
at a value of 0.025; this again supports the contention that the 
requirement for sulphur is determined essentially by its stoichimetric 
relation with nitrogen in the make up of proteins. 

Similar results were obtained in a dark starvation experiment on 
Lolium subulatum. The constancy of the S : N ratio in the protein 
has already been discussed (Fig. 8) and in Fig. 19, the contents have 
been plotted on a time basis. Proteolysis was most pronounced in 
the leaves, the organic-S diminishing in proportion to protein-N. 
That organic-S decreased without any change in total-S suggests 
some conversion of organic-S into sulphate. 

According to the available data it appears that although the S : N 
ratio remains unchanged in the residual proteins, the non protein 
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substance produced by proteolysis loses organic-S by conversion 
into sulphate. If this proceeds to an appreciable extent, it may give 
rise to subnormal values for the organic-S : organic-N ratio in the 
presence of sufficient sulphate in the tissues. Such conditions may 
occur in small seedlings drawing to a large extent on seed reserves, 
the proteins of which undergo proteolysis prior to translocation, and 
in darkened plants. 

Fig. 20 illustrates the results of Rosz  4a who studied the N- and S-Iractions 
of small seedlings of Lupinus albus grown on nutr ient  solutions with two 
levels of sulphate supply. In  intact  seedlings the organic-S : organic-N ratio 
was abnormally low (0.013) although there was sufficient sulphate in the 
tissues to preclude S-deficiency. In  seedlings from which the cotyledons were 
removed, the organic nitrogen content was lower and the organic-S : organic- 
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Fig. 20. Organic nitrogen (No), protein nitrogen (Np), total sulphur (S,) and 
organic sulphur (So) in small seedlings oi Lupinus albus (0.3 g dry weight per 
plant) grown at two sulphur levels, a; intact  seedlings ; b; cotyledons removed. 
c; same for field grown plants S0 days old, before (higher N~ content) and 
after (lower N~-content) a dark period of several days. The broken lines are 
drawn to facilitate reading of the S : N ratios in the organic substance. Data 

oi Rosz 4~. 
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N ratio was 0.019. In a field grown plant, 50 days after emergence, the ratio of 
organic-S to organic-51 was 0.023, dose to the normal value. When a similar 
plant was kept in the dark for several days, the protein-N content fell con- 
siderably due to proteolysis; the organic-S eontent decreased in proportion 
to the protein-N eontent causing a fall in the organic-S : organic-N ratio to 
the very low value of 0.008. Since in both normal and darkened organic-S 
occurred mainly as protein-S, proportionality between it and protein-N was 
nearly maintained. The organic-S released by proteolysis was oxidized to 
suIphate-S. 

Fig. 18 refers to maize seedlings grown with and without an iron supply, 
the resulting dry weights being about 2 and 0.6 g. respectively; the latter was 
very small considering that the seed weight was about 0.25 g. The points 
representing the organic-S contents of the plants supplied with iron and 
giving the higher yields lie close to the line corresponding to 0.025 times the 
organic-51 content and thus indicate a normal ratio between these quantities ; 
in the iron-deficient plants the ratio was much lower, of the order of 0.015. 

Since the iron-defieient plants had dry weights only about twiee tha~ of 
their seed, they may have stored a rauch greater proportion of the nitrogen 
from their seed as proteolytic products with a low S-content than did the non- 
deficient plants. The increased growth brought about by applying iron may 
have increase the proportion of synthesised or resynthesised proteins in the 
leaves with a normal S : 51 ratio. 

The above provides a fair amount of indirect evidence relating the effect of 
iron to the growth response. Seed]ings may acquire a normal organic-S : or- 
ganic-51 ratio only if further growth permits protein synthesis to occur to a 
sufficient extent. If growth is retarded the seedlings may have a subnormal 
ratio characteristic of utilization of N supplied by the seed for a rauch ]onger 
period than laster growing plants. 

Sulphur and growth 
The practical consequences of S-deficiency in certain regions of the U.S.A. 

were recognized in the early twenties 37 40. In 51yassaland the disease of the 
tea bush known as 'yellows' has been identified as due to a deiiciency in 
suiphur 46. 

Field crops may remove from 15 to 30 pounds per aere from the soil 26 
Much attention has been paid to the contribution of atmospheric S, in relation 
fo distance from industrial eenters 29. In Minnesota, S from the air was from 5 
in the north to over 100 pounds per aere per annum near Mineapolis ~ ; and in 
Indiana, from 20 to 30 pounds per acre per annum 6. Atmospheric S, together 
with that in superphosphate and ammonium suiphate has generally been 
considered sufficient for crops. However, there has been a shift towards the 
use of high-analysis fertilizers containing less sulphur so that one must be on 
one's gard against further neglect of sulphur in deficient regions 21 

In earlier agronomic investigations, those areas in which S application gave 
increases in crop yie]d and recovery from symptoms were classified as suiphur 
deficient, but few plant analyses were made 37. Occasionally, total-S was de- 
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termined, but  data on S aloiie are not enough to asses the sulphur status since 
the amount required is proportional, not to the weight of the plant, but  to the 
amount  of organic nitrogeiious substaiice, mainly protein, to which the S 
contributes in a Iixed proportioii. A more reliable basis for diagnosis should, 
therefore, be  provided by the ratio of S to organic IIitrogen 16. ~~~ ~ ~~ 

Many agronomic investigations supply data on total S and total 
N ; if the normal organic-S " organic-N ratio is known, and nitrate 
is low, the S requirement may then b~ calculated from the total-N 
value. 
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Fig. 22. Total sulphur, total  nitrogeii and yields of two strains of alfalfa. 
The broken lines iiidicate S : N ratlos of 0.015 and 0.025. Data of B e r t r a m -  

son  et al. 6. 
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Data on the S and N contents of alfalfa have been plotted in Fig. 
21. In this, lines of best fit have been drawn visually corresponding 
to an organic-S : organic-N ratio of 0.027, as suggested by  the data 
of L u g g  s7 ss for alfalfa protein. There is little doubt that in this 
case the nitrate eontent taust have been sufficiently low for total-N 
to be practically equal to organic-N. 

Data on alfalfa, fertilized with varying amounts of sulphate have 
been summarized in Fig. 22 in which lines have been drawn at S : N 
ratlos of 0.015 and 0.025. When total-S rose above 0.025 × N, no 
further increase in yield was obtained with increasing S; this limit, 
therefore, represents the actual S requirement for growth. In the S- 
defieient plants, showing reduced growth, the ratio fell to the sub- 
normal value of about 0.015. 

The yield and composition of sugar beet and turnip foliage, as 
affected by  the application of sulphate to a soll low in sulphur, has 
been summarized in Fig. 23; the experiment was made at three 
different levels of N-applieation indicated as 1, 2 and 3. Data on the 
foliage contents of organic-N (caleulated from the difference between 
total-N and nitrate-N), nitrate and dry weight of the tops are plotted 
against the total-S contents. 

In the sugar beet grown with low nitrogen (1), no response in dry 
matter  was obtained by  increasing the total-S content by  increasing 
the sulphate supply; in this case the S-content of the low-S plants 
was above the deficiency level represented by  the broken line. These 
leaves taust have contained inorganic sulphate and there was no 
need for additional S. Because of the nitrogen shortage however, the 
nitrate eontents and yields were low. 

At the highest nitrogen level (3) the N-eontent was very rauch 
higher and the low-S plants were clearly deficient in S because it 
coincides with the broken line. With increasing total-S content be- 
yond this defieieney level there was a marked inerease in the yield 
since the S-deficiency disappeared and there was sufficient N to 
support the extra growth. The deerease in the N content was a di- 
lution effect brought about by  the ~ncreased growth; the more ad- 
vanced exhaustion of the N-supply with increasing yield was re- 
fleeted in the steep fall in nitrate content. The results at nitrogen 
level (2) were intermediate between these and (I) and (3). 

Similar results were obtained with turnip, but eren at the lowest 
N-level (1) the low-S plants were deficient in sulphur because the 
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Fig. 23. Effect of increasing the total sulphur content (St) on the yield 
(crosses, heavy lines), the nitrate and the organic nitrogen (No) in leaves of 
sugar beet (left) and turnip (right) grown at three nitrogen levels ( 1, 2 and 3). 
The broken Iines indicate S:N = ratios of 0.025 Data of Gunna r son  22. 

point  coincides with the broken line. The  yield response to added 
sulphate  was greater  at  the higher  N levels again, because the ext ra  
growth  increased the need for addi t ional  nitrogen. 

These exper iments  provide good evidence for the significance of 
the S-N relat ionship and, assuming tha t  the S-deficient plants had  
no sulphate  in the tissues, t hey  confirm tha t  the organic-S : organic- 
N rat io is approx imate ly  0.025 for sugar beet  and turnip.  

Recalculat ion of S c h m a l f u s z ' s  44 da ta  on the S and N fract ions 
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Fig. 24. Nitrogen and sulphur fractions in the leaves of spinach. The nitrogen 
content varied as a result of differences in plant  weight, being due to varying 
K, at  a limited nitrogen supply. Data  of S c h m a l f u s z  and R e i n i c k e  45 

Fig. 25. Volatile sulphur (solid squares), sulphate and organic sulphur 
(plus volatile sulphur) in alfalfa, sugar beet, clover, radish (c), cabbage (b) 

and rutabagas (a). Data  of P e t e r s o n  39 

in  s u g a r  b~et ,  g a r e  o r g a n i c - S  : o r g a n i c - N  r a t i o s  r a n g i n g  f rom 0.006 

to  0.023, p o s s i b l y  b e c a u s e  of a n a l y t i c a l  e r ro r s ;  his  d a t a  on  m a i z e  a n d  

o a t s  a l so  y i e l d  a b n o r m a l  r a t ios .  F ig .  24 i l l u s t r a t e s  d a t a  on  s p i n a c h  

w h i c h  i n d i c a t e d  a r a t i o  of 0.033. 

Other /orms o/organic sulphur 
The Brassica form a group of plants containing a relatively high proport ion 

of their  organic-S as glycosides which on hydrolysis yield organic iso-thio- 
cyanates:  these and certain other S-compounds are commonly referred to as 
'volatile sulphur' .  

A detailed s tudy Of volatile S in different species was made by  P e t e r s o n  89 ; 
fresh samples of the plant  material  were placed in a tube kept a t  100°C, air 
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was passed through the tube and volafite S trapped by hot copper oxide 
followed by KOH solution. The CuO was extracted with watet, the S in the 
KOH oxidized with bromine, and the whole of the volatile S determined i~s 
barium sulphate. The test material in the tube was subsequently analyzed for 
sulphate-S and organic-S. 

Data on the contents of sulphate-S, volatile S and non volatile organic-S 
have been summarized in Fig. 25. In alfalfa, sugar beet, and clover volatile-S 
did not exceed 5 per cent of the organic-S so that  it can be safely neglected in 
the sulphur balance. In the Brassica species, however, the amount  of volatile 
S present corresponded to about 0,03 gram atoms S per kg dry marter, i.e. up 
to about 30 per cent of the organic-S. 

By heating with dilute acid to hydrolyze the glycosides, adding salt to raise 
the boiling point to 140°C and distilting into saturated bromine water, follow- 
ed by precipitation as barium sulphate, E a t o n  la found up to about 0.03 
gram atoms of volatile-S per kg of dry marter in leaves of black mustard. 

Estimates of organic-S contents based on the difference between total-S and 
sulphate-S will include volatile sulphur. If the non-volatile organic-S consists 
mainly of cystine and methionine in proportions characteristic of proteins, 
the presence of volatile S will mean a higher than normal ratio of organic-S to 
organic-N. 
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Same for black mustard. Data of B e r t h e l o t  5 
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In  Fig. 26 da ta  are presented for the  S- and N-fract ions in two Brassica 
species, and in red clover. In  the  la t te r  the  organic-S : organic-N ra t io  was 
about  0.023, bu t  in the  former  about  0.055. There  is, however,  no evidence 
t h a t  volat i le-S occurs on such cons tan t  propor t ions  as to make  up for the  
l a t t e r  va lue  in Brassica under  different  conditions. All t h a t  can be said is t ha t  
in these Brassica species, the  rat io  of organic-S to organic-N is much  higher  
t han  t h a t  of the  proteins because of the  presence of organic-S compounds  no t  
re la ted to the  prote in  metabol ism.  

SUMMARY 

F r o m  a review of published da ta  on S- and N-fract ions i t  has been shown 
t h a t  on a g ram a tom basis these e lements  occur in organic forms in a ra t io  
ranging t rom 0.025 (legumes) to 0.032 (gramineous plants) and t h a t  this is the  
same as the  S : N rat io  in the  proteins  which const i tu te  about  80 per  cent  of 
the  organic S and N present.  

In  plants  deficient  in sulphur,  the  ra t io  organic-S : organic-N becomes less 
t han  normal  due to an increase in t he  propor t ion  of non-prote in  organic-N 
compounds  low in sulphur.  W i t h  sulphur  deficiency the  cytoplasmic  proteins 
decrease ou t  of propor t ion  to  the  chloroplast  proteins of a higher  S con ten t  so 
t h a t  the  rat io  of prote in-S to  pro te in-N tends to increase. A similar  change 
m a y  occur dur ing the  IM1 in tissue prote in  con ten t  wi th  increasing p lan t  age. 

Sulphur-def ic ient  plants  show a subnormal  ra t io  of organic-S to  organic-N 
in the  absence of sulphate  in the  tissues. P lants  in which the  prote in  con ten t  
is decreased by  proteolysis m a y  have  subnormal  organic-S : organic-S rat ios 
in the  presence of sulphate  in the  tissues, i .e. wi thou t  S shortage. This m a y  
occur dur ing dark  s ta rva t ion  or in seedlings drawing upon reserve proteins in 
the  seeds. 

The S-requirements  for growth  are reflected in the  normal  ra t io  of organic-S 
to organic-N. 

In  most  species invest igated,  organic-S occurs main ly  as cyst ine and 
meth ionine  and is di reet ly  re la ted to prote in  metabol ism.  Because of the  
presence of o ther  forms of organic-S, the  organic-S : organic-N rat io  in the  
Brassiea species is higher. 
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