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1. Introduction. In the course of an investigation into the effect 
of the mineral nutrition of potato plants on the chemical composi
tion of the tubers, a relation was found between the potassium 
supply to the plants and the content of free tyrosine in the tubers. 
A high tyrosine content was found to be associated with inadequate 
potassium supply. It is a well-known fact that under favourable con
ditions tyrosine can readily be converted into red and thereafter into 
black oxidation products by the enzyme tyrosinase which is natural
ly found in potato tubers 20) ; an investigation was undertaken there
fore to determine whether the blue-black discoloration which often 
appears in potassium-deficient potatoes, particularly when bruised 
by rough treatment, ( O o r t w i j n B o t j e s en V e r h o e v e n23), 
O o r t w i j n B o t j e s 24)), is due to the high tyrosine content. 

Suggestions as to the role of the tyrosine-tyrosinase reaction in producing 
black discolorations in potato tubers, have been made by D e B r u y n 6 ) 
M e r k e n s c h l a g e r 1 7 ) and H a n s e n 1 1 ) . 

*) Agronomist of the "Landbouwkundig Bureau der Nederlandse Stikstofmeststof-
fenindustrie". 
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Neither tyrosine nor tyrosinase determinations were carried out by these 
investigators, however. According to d e B r u y n the discolorations are 
due to injury of the cells without inactivation of the enzymes. Tubers or 
parts of tubers liable to blacken, were found to have a higher specific gra
vity than normal ones. Contrary to the findings of O o r t w ij n B o t 
j e s 2 4 ) and V e r h o e v e n 4 0 ) , she observed no clear relation between 
potassium supply and blackening. H a n s e n , however, also found tha t 
potassium-deficient potatoes were more prone to show discoloration than 
normal ones. K o b 1 e t1 3) found a negative correlation between K-content 
and blackening of the tubers in the variety Voran but not in Ackersegen. 

In the literature much attention has been paid to the phenomenon of 
"blackening after cooking" of potato tubers but no data are available, con
cerning the relation between the discoloration of living and tha t of boiled 
potatoes. According to S m i t h , N a s h and D i 11 m a n 34) the latter 
kind of blackening is not found in raw tubers. The photograph of tubers, 
discoloured after cooking, shown by R i e m a n , T o t t i n g h a m and 
M c F a r l a n e 27) does not resemble the picture of blackening observed 
by the author in raw potassium-deficient tubers. I t must be emphasized, 
however, that neither does this photograph agree with the description given 
by various American authors. According to them, blackening after cooking 
is found mainly a t the stem end of the tubers ,just as in the tubers investi
gated by d e B r u y n 5 ) , V e r h o e v e n 40), O o r t w i j n B o t j e s 2 4 ) 
and H a n s e n 1 1 ) . 

As to the cause of the blackening of boiled potatoes opinions are con
flicting. In the first communications of T o t t i n g h a m et al. 29) 3 ') 
i t was shown that the protein of abnormal potatoes is less firmly condensed 
than tha t of white-cooking tubers, and consequently is more easily hydro-
lysed by dilute sodium hydroxide or by proteolytic enzymes. In abnormal 
tubers 30) the accumulation of a-amino acids, particularly tyrosine, in com
bination with a more pronounced tyrosinase activity, was supposed to be 
responsible for the blackening upon boiling. Although T o t t i n g h a m 
et al37). found somewhat increased contents of free a-amino nitrogen, tyro
sine and tryptophane in abnormal potatoes, no relation between tyrosine 
content and degree of blackening after cooking was observed by N a s h 1 9 ) . 

In their early investigations T o t t i n g h a m et al. found a general 
relation between discoloration after cooking and potassium supply37). In 
subsequent publications of the same authors, however, the occurrence of 
such a relation was denied 7) 38). S m i t h , N a s h and D i t t m a n ' 4 ) 
also came to the conclusion that various levels of nitrogen, phosphorus, 
potassium and lime exert no consistent effect upon the incidence of blacken
ing. The same is true of soil reaction, soil moisture, soil types and defi
ciencies of boron, copper, zinc, manganese and magnesium. W a l l a c e and 
W a i n 4 1 ) state tha t blackening of cooked potatoes may be brought about 
by K-, P- and possibly Ca-deficiency. 

According to R o b i s o n 28) the black, pigment is not melanin, for in the 
potatoes she investigated the colour disappeared rapidly a t pH 3.0. She 
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suggested tha t the black colour results from the oxidation of a colourless 
ferrous compound which is formed upon boiling. C o w i e « ) also attri
buted a role to iron in the blackening which occurs after cooking, and stated 
that the discoloration is connected with a low potassium and a high nitrogen 
level in the soil. 

N u t t i n g 2 1 ) 2 2 ) suggested tha t the black pigment might be a loose 
complex of a metal and a yellow pigment normally present in the tuber. 
This suggestion is in agreement with the older finding of T i n k l e r 3 6 ) 
and also of M a d e r and M a d e r 1 6 ) that a high content of iron favours 
the blackening after cooking. 

W a g e r 4 2 ) apparently studied the same kind of blackening as did 
R o b i s o n, since he likewise observed tha t the discoloration disappeared 
upon treatment with acids. 

When the present paper had been almost completed the author took note 
of an extensive study on the blackening of potatoes after cooking, published 
recently by J u u 112). In agreement with R o b i s o n , N u t t i n g and 
others, J u n l comes to the conclusion t ha t i t is due to an iron compound. He 
advances the theory tha t the ferrous ions of the potato upon cooking combine 
with an o-dihydric phenol to give a colourless compound which is oxidized to 
the strongly coloured ferric compound on being exposed to the air. Since he 
isolated caffeic acid from the peel of potato tubers, he suggests that this is 
the o-dihydric phenol mainly responsible for the pigmentation. Since the 
colour intensity of Fe-compounds of o-dihydric phenols is clearly related to 
the pH, it is assumed by J u u 1 that the discoloration of cooked potatoes 
depends to a large extent on the pH of these tubers. Considerable evidence is 
given as to the importance of the latter factor. In addition to the pH, other 
factors were found to affect the degree of discoloration viz. the content of 
o-dihydric phenols and the iron content. Increasing NjK ratio in the fertili
zers supplied, which was found to increase the liability to blacken upon 
boiling, was correlated with a small but significant rise in pH and a con
siderable rise in o-diphenol content. Likewise, stem ends of potato tubers, 
which blacken more intensely than bud ends, were found to have a some
what higher pH and a higher content of o-diphenols. No effect of the N/K 
manuring was found on the ferrous content of the tubers. ' 

In some publications stress is laid on the importance of climatic factors 
in rendering potatoes liable to blacken after cooking. According to S m i t h 
et al. 34) tubers maturing under relatively high temperatures do not blacken 
upon boiling. The severity of blackening increases as the mean temperature 
during the last months of the growing season becomes lower. 

T o 11 i n g h a m et al. 38), however, observed that discoloration after 
boiling is more evident in those summers which are hotter and drier than 
usual. In a subsequent paper 27) it is stated that low temperatures during 
June and September and high temperatures during August produce the 
most severe effect. 

S m i t h et al. 34) found a relation between temperature during storage 
and blackening. Temperature treatment for some days at 104°C decreased 
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the amount of blackening to about one twentieth, of tha t of untreated 
tubers. The pH of the treated tubers was found to change from 6.10 to 5.60. 
These results are easily understood when the investigations of J u u 1 are 
taken into consideration. 

In a recent survey, B u r t o n 6 ) concluded tha t the predisposition of 
potatoes to stem- end blackening after cooking may depend upon a great 
number of factors. 

In the present investigation tyrosine content, tyrosinase activity 
and the blackening of potatoes were studied in relation to the sup
plies of potassium, nitrogen, phosphate, magnesium and copper. 
Special attention was paid to the relation between blackening in raw 
and that in boiled tubers. Furthermore an extensive s tudy was made 
of the tyrosine metabolism in potato plants and of the physiological 
importance of this amino acid in potatoes. The latter aspect of this 
research is still in progress and the results will be published in a sub
sequent paper. 

2. Experimental methods. Two varieties of potatoes, the protein-
rich Noordeling and the protein-poor Voran *), were grown on soils 
poor in one or two of the following nutrients : nitrogen, phosphate, 
potassium, magnesium and copper. By supplying different amounts 
of fertilizers, potatoes were obtained with all grades of nitrogen, 
phosphate, potassium, magnesium and copper deficiencies. 

The tubers were harvested carefully to prevent bruising as much 
as possible. They were washed in a stream of tap water and stored in 
a cool room until analysed. 

A n a l y t i c a l m e t h o d s . 
For chemical analysis cylinders of about 1 cm diameter were taken longi

tudinally and transversely with a cork borer from about 20 tubers. In 
many cases heel and rose halves of the tubers were analysed separately. 
The cylinders were minced and 10 g of this material were placed in a por
celain mortar. Either 4 cc of glacial acetic acid or 5 cc of a 1 % Na 2S0 3 

solution were added in order to prevent the enzymatic oxidation of tyrosine. 
Both inhibitants give about the same values for free tyrosine (see Table 5) 
but the former has the disadvantage tha t i t prevents the precipitation of 
water-soluble proteins when the filtrates are boiled. However, the mercury 
salts used in the tyrosine analysis precipitate these proteins, so tha t no 
interference occurs in the determination of the soluble tyrosine. When 
other amino acids are to be determined, as for instance tryptophane or 
arginine, the acetic-acid-treated samples give too high values. In this case 

*) Certified seed stocks were used in all experiments. 
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the procedure is as follows. After grinding the weighed samples, the pulp is 
transferred to a Büchner funnel and filtered. The filtrates, which contain 
the soluble proteins, amino acids, amides etc., are boiled for some minutes, 
after adding a few drops of acetic acid and a knife point of sodium chloride. 
The proteins precipitate and after cooling are removed by centrifuging. 
The precipitate is washed 3 times with small amounts of distilled water con
taining a trace of acetic acid, which after separation of the proteins is added 
to the bulk of centrifugate. A further washing with alcohol needs to be 
carried out when the proteins are to be hydrolysed. 

The tyrosine in the clear solution *) is determined by L u g g's method15). 
The procedure may be described briefly. To 20 cc of the test solution con
tained in a 50 cc centrifuge tube is added sufficient 5 N H 2 S0 4 solution to 
bring it to pH 0.3. 5 cc of solution A (see below) are added and the tube is 
maintained at 60-65° in a water-bath for 30 minutes. I t is then cooled for 
1 h in running tap water and after centrifuging, the clear liquid is poured 
into a graduated flask. 10 cc of B are run into the centrifuge tube, the preci
pitate is stirred and the contents are again centrifuged. The clear liquid is 
poured into the flask and the contents are diluted to 49 cc with H 2 0 . Then 
1 cc of a 1 M NaN0 2 solution is run slowly into each flask so as to flood 
on top, and the flasks are shaken as soon as possible thereafter.A red colour 
develops and colorimetric readings can be made after 3 minutes' incubation 
at a temperature not below 20° (Filter 520 m.ß). 

R e a g e n t s : Solution A : 75 g HgS04 , 55 g HgCl2, and 70 g Na 2S0 4 

are dissolved in 850 cc water plus 125 g 98% H 2 S0 4 and diluted to 11. 
Solution B : A certain volume of A is diluted with an equal volume of 
1 N H 2S0 4 . 

I s o l a t i o n of t y r o s i n e . 
5 kg of potatoes were ground in a mill. The pulp was immediately treated 

with 50 cc of 30 per cent acetic acid and then diluted with a small amount of 
water. After squeezing the solutes through a cloth the residue was ground 
in a mortar while adding a further 20 cc of acetic acid. After removal of the 
solutes this operation was repeated twice. The solution was heated above 
80°C for 10 minutes and after cooling was filtered. To the total volume of 
solution, about 4 1, was added an excess of neutral lead acetate. The preci
pitated proteins were removed on a Büchner funnel, and the excess of lead 
in the filtrate precipitated with H2S. Lead sulphide was removed by filtra
tion and the clear filtrate freed from hydrogen sulphide by means of an air 
stream. 

*) Treatment of this solution with ether at pH 1, which removes ^-hydroxybenzoic 
acid and ordinary phenol, and with toluene at pH 6-7, which removes indole and skatole, 
was not undertaken since practically no effect of these treatments was found on the tyro
sine content of potato tubers. The very slight reduction in estimated tyrosine content 
which occurred in some cases after these treatments may just as well be attributed to 
losses in tyrosine. 

3, 4-dihydroxyphenylalanine which may occur in potato tubers does not interfere with 
the tyrosine determination. 
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In this solution tyrosine was precipitated by adding 1 1 of a 10 per cent 
Hg(N03)2 solution. This latter was prepared by dissolving Hg(N03)2 in 
water with addition of concentrated nitric acid. Then sodium hydroxide was 
added in just insufficient quantity to precipitate HgO. 

Upon the addition of the weakly acid Hg(N03)2 solution a bulky precipi
tate was formed. This precipitate was separated by filtration and dissolved 
in water acidified with 2 cc of concentrated H 2S0 4 . Hydrogen sulphide was 
introduced to decompose the mercury-tyrosine compound; HgS was 
removed by filtration and H2S by a stream of air. 

The tyrosine-containing solution was neutralized and then concentrated 
on a water-bath at a temperature not exceeding 70°C. When the volume had 
been reduced to about 1 1, further concentration was effected in vacuo at 
about 40°C. In the concentrated solution tyrosine crystallized. I t was 
recrystallized twice from distilled water, collected, dried and analysed for 
carbon, hydrogen and nitrogen. 

P r o t e i n and s o l u b l e n o n-p r o t e i n n i t r o g e n . 
Protein and soluble non-protein nitrogen were determined as follows : 10 g 

of the average samples mentioned on page 62 are ground in a porcelain 
mortar and transferred to 100 cc flasks, using about 50 cc H 2 0 . The solu
tions are heated in a water-bath and the temperature maintained above 
90° C for 15 minutes. The coagulated starch is then brought into solution 
by adding 10 cc of a 1% diastase solution and incubating for a sufficient 
t ime for all the starch to be hydrolysed (about 6 h at 46°C). The flasks are 
shaken occasionally during this period. 1 cc of toluene is added initially and 
if necessary is renewed during the incubation period. After cooling, 12,5 cc 
of a 20% trichloracetic-acid solution are added to precipitate the protein. 
The latter is separated on a Büchner funnel and washed three times with a 
1 % trichloracetic-acid solution. Residues as well as filtrates are analysed for 
nitrogen according to the Kj e 1 d a h 1-L a u r o method. 

o-D i h y d r i c p h e n o l s . 
For the determination of o-dihydric phenols the following method was 

used : 10 g of the above samples are rinsed with H 2 0 , transferred to a porce
lain mortar together with 4 cc acetic acid, and ground. The.pulp is trans
ferred to a Büchner funnel and filtered. The residue is washed three times 
with small amounts of distilled H 2 0 . The filtrate is made up to volume and 
o-diphenols determined by the method of A r n o w 1) : To 1 cc of the solu
tion in a test tube graduated to 10 cc the following reagents are added: 1 cc 
of 0.5 N HCl, 1 cc of nitrite-molybdate reagent (10 g of NaN0 2 and 10 g of 
Na2Mo04 in 100 cc of distilled H 20) , 2 cc of 1 N NaOH and enough distilled 
water to make up the volume to 10 cc. The resulting red colour is determined 
in a colorimeter using a filter of 460 m/j,. 3,4-Dihydroxyphenylalanine 
(dopa) is used as a standard. Catechol gives a similar colour. According to 
A r n o w resorcinol gives a deep brown colour and pyrogallol a deep red 
brown. 
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T y r o s i n a s e a c t i v i t y . 
The tyrosinase activity of potato tubers was determined as follows : 5 or 

10 g of tissue are ground in a porcelain mortar and transferred to a 200 cc 
scrubbing flask. A solution containing 25 mg of 1-tyrosine and 0.5 cc of 
toluene is added and the volume made up to 100 cc. The flask is incubated 
a t 20°C and air bubbled through the solution. Samples of 10 cc are pipetted 
a t the beginning of the experiment and subsequently at intervals. In these 
samples the enzyme activity is stopped by adding 4 cc of glacial acetic acid. 
The solutions are made up to 50 cc and tyrosine is determined by the above-
mentioned method. 

3. Relation of the mineral nutrition of potato plants to the tyrosine-
tyrosinase reaction and the occurrence of black discolorations in the 
tubers. Although many discolorations in potato tubers are due to the 
activity of viruses, bacteria or fungi, it can be stated with certainty 
that the greyish-brown or bluish-black areas which occur in tubers 
of potassium-deficient plants have nothing to do with an infectious 
disease. This can be concluded from the fact that potassium-defi
cient tubers which have been handled very carefully, so that they 
are practically free from discoloration, may show great areas of 
blackened tissue a few hours after being shaken for a short time. 

When potato tubers differing in their mineral nutrition were in
vestigated, it was consistently found that those from plants with an 
inadequate potassium supply showed greyish-brown or blue-black 
discolorations. The severity of potassium-deficiency symptoms on 
the leaves provided a measure of the amount of discoloured tissue in 
the tubers. 

Although very careful harvesting and transportation of the tubers 
prevented to a considerable extent the occurrence of coloured lésions, 
it was nevertheless impossible to obtain normal tubers of Noordeling 
from plants displaying heavy symptoms of K-deficiency. Apparently 
the pressure which occurs in growing tubers sufficed here to bring 
about the circumstances under which discoloration takes place. 

When the tubers were left unmoved for some months after har
vesting, black and grey-brown tissue was found. These discolorations 
occurred as small brownish spots situated between the surface and 
the vascular ring and also as larger areas in the interior of the tuber. 
They were practically always confined to the heel half of the potato. 

When such tubers were shaken for 5 minutes in a bottle, or else 
subjected to rough transportation, great areas of white tissue at the 
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stem end turned blue black within a few hours. The same was true, 
though to a lesser degree, when the tubers were cut with a knife, 
washed with tap water and exposed to the air. Apparently the ten
sion resulting from the cutting had more or less the same effect as 
the shaking. The tissue first turned reddish and after some hours 
darkened to bluish-black (see Plate I and II). 

a. R o l e of e n z y m a t i c r e a c t i o n s in t h e b l a c k e n 
i n g of p o t a t o e s . The fact that the blackening appeared 
after shaking or cutting the tubers made it probable that an enzyma
tic reaction is responsible. That this is true, was shown by the 
following experiment. Transverse slices of tubers, about 2-3 mm 
thick, were heated for a few minutes at their centres by a small 
flame and then exposed to the air. After some hours a picture like 
that shown on Plate III was obtained. In the centre, where enzymes 
as well as cells were killed by the flame, no discoloration of the tissue 
was to be seen. In a ring about 5 mm wide surrounding this white 
tissue the colour turned red and afterwards black. Apparently in 
this annulus the temperature had been high enough to kill the cells, 
but the enzymes had remained active. In the tissue outside the black 
ring again no discoloration was to be seen, owing to the fact that the 
cells were undamaged. 

Although the potassium-deficient tubers showed much greater 
discoloration than those with a normal potassium supply, a distinct 
ring developed likewise in the slices of the latter. Therefore the 
substances which give rise to the black colour are present also in 
normal tubers though in considerably smaller amounts. 

In order to gain further information concerning the temperatures 
at which the cells, and the enzymes responsible for the blackening, 
are destroyed, the following experiment was carried out. Slices of 
potassium-deficient tubers, 2-3 mm thick, were immersed for 20 
minutes in water-baths at different temperatures. They were then 
exposed to the air and some hours later the degree of blackening was 
ascertained. An optimal discoloration was obtained at 55°C. At 60° 
the blackening was somewhat less intense owing to the onset of 
inactivation of the enzymes. At 70° enzyme activity was much more 
reduced and at 80° no discoloration at all took place. Below 55° on 
the other hand blackening was less intense because of reduced injury 
to the cells. After treatment at 40° for 20 minutes considerable 
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Plate I. Tubers from Noordeling potatoes with heavy symptoms of potassium deficiency 
(Exp. 589, 1948). Stored from October until February, cut longitudinally, rinsed with 
tap water and exposed to air overnight. Stem ends pointing towards the middles of the 
photographs. A : no nitrogenous fertilizers applied. B : supplied with nitrogen at the 
rate of 200 kg per ha. Upper row of both A and B shaken for five minutes in a bottle 
before halving. Black tissue mainly confined to stem ends of the tubers. Yield data 
are given in Table 6. 
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Plate II. Tubers from Noordeling potatoes. (Exp. 589, 1948). Stored from October 
until February, cut longitudinally and rinsed with tap water. Stem ends pointing 
towards the middles of the photographs. A and B from plants dressed with potassium 
at the rate of 100 kg K2O per ha and with nitrogen at 200 kg per ha. A photographed 
immediately after halving, B after exposure to air overnight. C : tubers from plants 
dressed with K at the rate of 600 kg K2O per ha and N at 200 kg per ha. Upper row 
of both B and C shaken for five minutes before halving. 
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blackening still took place, but a temperature of 30° did not affect 
the cells. 

In a further experiment potato slices were exposed to toluene 
vapour. It is well-known that in such an atmosphere cells are killed 
but the enzymes remain active ( B o a s and M e r k e n s c h l a 
g e r 2 ) . In conformity with this, at first a reddish and later a bluish-
black discoloration of the tissues was produced as in the bruised 
tubers. In K-deficient tubers the discoloration following toluene 
treatment was again much more intense than in normal ones. 

The results of these experiments clearly show that the blackening 
of bruised potato tubers is due to an enzymatic reaction. I t is a well-
known fact that black discolorations in both animal and plant 
tissues may be brought about by an enzymatic formation of melanin 
from tyrosine or other mono- or dihydric phenols. In this reaction 
tyrosine is oxidized by tyrosinase (monophenol oxidase, polyphenol 
oxidase, catechol oxidase) to 3, 4-dihydroxyphenolylalanine (dopa). 
This latter compound is then further oxidized to the corresponding 
quinone which, presumably after spontaneous ring closure, is con
verted into hallachrome, a red compound. Subsequent changes, 
which include polymerization, lead to the formation from halla
chrome of the blue-black pigment melanin 3) 26). 

/ \CH 2CH(NH 2 )COOH , i ; „ HO/ \CH 2 CH(NH 2 )COOH , lt n 
II "T / 2 U 2 I T /2(- ,2 

H O V r -* H O \ / r— 
tyrosinase tyrosinase 

tyrosine 3, 4-dihydroxyphenylalanine 
(dopa) 

0 = / \CH 2 CH(NH 2 )COOH + H Q HO / \CH 2 CH(NH 2 )COOH _ £ 0 

0=\) ' 2-> H O \ / O H ^> 
dopa quinone 

H O / \ , i , / - > 0 = / \ , • 
II I I + 1k02 I I I • melanin 

H O \ / F C O O H > 0 = l \ / \ N / C O O H 
„ ? tyrosinase 

hallachrome 

Since the blackening of bruised potato tissues proceeds also 
through a red stage, it has been supposed that the tyrosinase reac
tion is responsible for this phenomenon. Suggestions along the same 
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lines have been made by d e B r u y n 5 ) and H a n s e n 1 1 ) but 
as far as the author is aware without presenting any convincing 
evidence. 

b. T h e r o l e of t h e t y r o s i n e - t y r o s i n a s e r e a c 
t i o n . That the tyrosine-tyrosinase reaction is indeed responsible 
for the black discolorations in raw potassium-deficient potato tubers 
may be concluded from the following facts. 

1. Potassium-deficient tubers which are very prone to discolour 
have a free-tyrosine content three or four times as high as that of 
tubers with a normal potassium supply which do not darken (see 
section 4). 

2. The variety Noordeling, which is much more liable to blacken 
than the variety Voran, has a tyrosine content about twice as high 
as that of the latter. 

3. A pulp or an extract of potassium-deficient tubers exposed to 
the air turns at first red and then reddish-brown, black-brown and 
finally black, but tubers with a normal potassium nutrition give only 
a greyish-brown pulp or extract under the same conditions. However, 
the addition of a few mg of tyrosine to 10 g of pulped tuber tissue 
results in a coloration equal to that developing spontaneously in 
pulped potassium-deficient tubers (see p. 72). 

4. Potatoes grown on a soil poor in copper as well as in potassium 
are far less prone to blacken than those grown on a similar soil 
dressed with copper sulphate. This is accounted for by the fact that 
tyrosinase is a copper-containing enzyme 14). As will be shown in 
section 5, the tyrosinase activity of the copper-deficient tubers may 
be less than one tenth of that of tubers dressed with copper sulphate. 

5. No discoloration of potassium-deficient tubers takes place 
when the uptake of oxygen is prevented e.g. by adding a small 
amount of Na^Og or by immersing the tissues in water. As the 
tyrosine-tyrosinase reaction is an oxidation, this result is readily 
understandable. 

c. R e s i s t a n c e of K-d e f i c i e n t t u b e r s t o b r u i s 
i n g . Although the high tyrosine content of potassium-deficient 
potato tubers is of great importance in the blackening of the tissues, 
it is not the sole determining factor. This was concluded from the 
fact that tubers well-supplied with potassium, which after rough 



Plate III. A. Slices of K-deficient (left) and normal (right) Noordeling potatoes, 
heated in the centre with a small flame and thereafter exposed to the air for a 
few hours. B. Potassium-deficient tubers, shaken for five minutes in a bottle, 
halved, rinsed with tap water and inoculated with Bad. prodigiosum. Develop
ment of this bacterium has taken place on black tissue only. Cas B, uninoculated. 

Plant and Soil II tegenover biz. 69 



BIOCHEMISTRY AND PHYSIOLOGIY OF POTATOES 6 9 

treatment developed scarcely any black discoloration, nevertheless 
showed a rather weak but clearly perceptible coloured ring upon 
being heated with a small flame (see Plate I II) . A similar discolora
tion was observed also when slices of normal tubers were exposed to 
toluene vapour, or when whole tubers were bruised by extremely 
heavy shaking. Although the resulting colour was much weaker than 
that developed in the potassium-deficient tuber slices, nevertheless 
the small amount of tyrosine in the former was apparently sufficient 
to produce this discoloration. 

Another fact pointing in the same direction is that the heel halves 
of potassium-deficient tubers, which become much more blackened 
after rough treatment than do the rose halves (see Plate 1 and 2), 
contained only 20-40% more tyrosine, while the tyrosinase activity 
in both parts was about equal (see section 5) *). Apparently another 
factor besides the high tyrosine content must be responsible for the 
extreme liability of K-deficient tubers to discolour. 

As the tyrosine-tyrosinase reaction can take place only when 
tyrosine, tyrosinase and oxygen all come together, the obvious as
sumption is that these conditions are much more easily fulfilled in 
potassium-deficient than in normal tubers. Potassium-deficient tis
sue, particularly that of the heel halves, is apparently much more 
liable to bruise than is that of tubers with an abundant potassium 
nutrition. The following experiment demonstrates the t ruth of this 
assumption. Potassium-deficient and normal tubers were shaken 
gently for some minutes in a bottle. They were then halved longitu
dinally. The cut surface of one half, after being washed with t ap 
water, was inoculated with a culture of the saprophtic Bacterium 
-prodigiosum ; the other half remained uninoculated. As Bad. prodi-
giosum is unable to develop on living potato tissue, its growth indi-. 
cates that the cells are dead. I t appeared that an abundant develop
ment of Bad. prodigiosum took place only on those parts of the K-
deficient tubers where a black discoloration was to be seen in the 
corresponding uninoculated halves (compare Plate I I I , B and C). 
On the tubers with a normal potassium supply, which after shaking 

*) That the oxygen supply does not differ in the two halves may be concluded from the 
fact that HSS penetrates in to both at the same speed. This was shown by exposing K-
deficient and normal tubers for different periods of time f1/«, 2 and 4 h) to an atmosphere 
of HaS. Penetration of the gas was determined by halving the tubers longitudinally and 
treating the cut surface with a solution of Pb-acetate. 
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showed no discoloration, Bad. prodigiosum did not grow. When, 
however, these tubers were boiled for a few minutes, before inocula
tion an abundant growth took place over their whole cut surface. 
From this result the conclusion may be drawn that blackening of 
potato tissue only takes place after death of the cells. 

The fact that the tyrosine-tyrosinase reaction proceeds only when 
the cells are killed, does not necessarily mean that in the intact cells 
tyrosine and tyrosinase are located apart e.g. tyrosine in the cell sap 
and tyrosinase in the protoplasm *). It may be explained just as well 
on the assumption that in the living cell a powerful reduction system 
prevents the oxidation of tyrosine. Injury to the cells may destroy 
this reduction system, with the result that the oxidation can pro
ceed. In vitro such a system was easily realized by adding a fewmg 
of ascorbic acid to a potato pulp containing dopa and tyrosinase. As 
long as ascorbic acid was present no oxidation of dopa took place, 
even though air was bubbled through the solution. Ascorbic acid 
was oxidized with great speed, however, and as soon as it was com
pletely converted, oxidation of dopa began. 

The following experiment gives some information about the locali
zation of tyrosinase in the cells of potato tubers. 

10 g samples of K-deficient tissue were ground and the pulp transferred 
to a Büchner funnel. The solutes were separated and the residue washed 
thoroughly with about 45 cc H 2 0 . Both the filtrates and the cell residues 
were then transferred to 300 cc wide-mouthed Erlenmeyer flasks containing. 
20 mg of tyrosine in 50 cc water. The filtrate from one particular sample (C) 
was made up to 50 cc and of this solution 2.5, 5, 10 and 20 cc portions were 
separately employed. 

After adding 1 cc toluene, the flasks were incubated for 15 h a t 28°C. 
Tyrosinase activity was then stopped by adding 4 cc of acetic acid, and the 
amount of tyrosine determined. Table I gives the results of this experi
ment. 

It appears that the tyrosinase activity is found for the most part 
in the soluble fraction of the potato tuber. 

Summarizing the results from the above-mentioned experiments, 
it may be concluded that two factors are responsible for the consi
derable tendency of potassium-deficient potatoes to display black 

*) S z e n t-G y ö r g y i and V i c t o r i s z 3S) concluded from the results of their 
experiments that polyphenol oxydase and phenolic compounds are located apart in the 
potato cell. 
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TABLE I 

Tyrosinase ac t iv i ty of solutes and of cell residues of potassium-
deficient pota toes 

Sample ' 

A 1, residue of 10 g t issue 

B 1, ,, ,, 10 g ,, 
C 1, „ ,, 10 g „ 
A 2, f i l trate of A 1 
B 2, „ „ B 1 

C 2, .?.) 1/20 of f i l trate of C 1 

b) 1/10 „ ,, „ C I 
c) 1/5 ,, „ „ C I 
d) 1/2.5 ,, „ „ C I 

mg tyrosine oxidized in 15 h 

6.7 
8.2 
8.4 

12.6 *) 
13.4 *) 
2.6 
3.8 
7.3 

10.5 *) 

*) The fact that increasing amounts of filtrate did not result in proportional oxidation 
of tyrosine is probably explained by lack of oxygen with the higher amounts of filtrates, 
since in this experiment no air was bubbled through the solutions. 

discoloration viz. the high content of free tyrosine and the liability 
of the cells to bruise. A relatively slight pressure suffices to kill large 
complexes of cells with the result that tyrosine can be oxidized by 
tyrosinase activity first to a red compound and then to black oxida
tion products. 

As to the cause of the increased liability of the cells of potassium-
deficient tubers to bruise the following may be stated. De B ruyn 5 ) 
found a relation between the tendency of potato tubers to develop 
discoloration and the specific gravity, in the sense that tubers or 
parts of tubers much prone to discolour had a higher S.G. than 
tubers or parts of tubers with little such tendency. This might mean 
that the water relations of the cells are concerned in the question of 
their liability to bruise. Similar results were obtained by O o r t 
wi jn B o t j e s and V e r h o e v e n 2 3 ) who found that "slack" 
tubers (i.e. tubers with a low water content) were much more prone 
to blacken after bruising than similar tubers whose water content 
had been raised before this treatment. These results are in good 
agreement with the fact that in spring when the water content of the 
tubers has decreased, their tendency to blacken is considerably more 
pronounced than in autumn. Apparently a high turgor renders the 
cells less liable to injury from shaking or pressure. Since the stem 
halves of potassium-deficient tubers are relatively low in water 
content, and when supplied with water absorb it to a considerably 
less extent than the bud ends or than the stem ends of normal tubers, 
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this may explain, at least partly, the greater liability to injury of 
their tissues. 

d. R o 1 e o f o-d i h y d r i c p h e n o l s i n t h e b l a c k e n 
i n g of p o t a t o e s . On page 68 it was stated that pulped 
potatoes with a normal potassium supply, whose tyrosine content 
had been brought up to the same level as that in pulped potassium-
deficient tubers, developed a similar colour to that shown by the 
latter. This, however, was true only after exposure of the ground 
tissues to the air for a number of hours. When the discoloration was 
followed from the beginning, it was apparent that the potassium-
deficient pulp reddened more rapidly than a normal one adjusted to 
the same tyrosine level. This was particularly the case when ground 
tissue from the cortical region of the stem end of potassium-deficient 
tubers was compared with a pulp from tissue inside the vascular ring 
of the bud end of normal tubers. 

Since with pure preparations of tyrosinase the initial oxidation 
of tyrosine is strongly activated by the addition of a very small 
amount of an o-dihydric phenol (e.g. 3, 4-dihydroxyphenylalanine, 
(P u g h 26)), it was thought possible that this latter compound might 
be present in K-deficient tissue but lacking in normal tubers. No 
effect of the addition of a trace of dopa on the discoloration of a pulp 
from normal tubers supplied with tyrosine was observed, however. 
Determinations of o-diphenolic compounds showed that considerable 
amounts were present in potato tubers, especially in the cortical 
region (see Table XVII). Potassium-deficient tubers contained about 
twice as much as those with a normal potassium supply (see Table 
XVIII) . 

Since the oxidation of an o-dihydric phenol by tyrosinase proceeds 
much more rapidly than that of a monophenol, it must be concluded 
that the difference in velocity of discoloration of ground potato 
tissues with equal tyrosine contents but different o-diphenol con
tents is due to the oxidation of o-diphenol itself. That this assump
tion is correct, was demonstrated by adjusting both the tyrosine and 
the o-diphenol contents of normal pulp to their respective levels in 
K-deficient tissue. Discoloration then took place with the same 
velocity in both pulpes. Although that of normal tissue, to which 
dopa had been added, showed initially a somewhat brighter red 
colour, the ultimate colours attained after some hours were alike. 
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It may be asked whether the content of o-diphenols rather than 
tyrosine determines the amount of blackening of bruised potato 
tubers. In general it will make little difference finally whether the 
discoloration takes place very rapidly (dopa) or more slowly (tyro
sine), hence it may be concluded, that tyrosine and o-diphenol are of 
equal importance in the production of black tissues in raw tubers. 
When, however, the enzymatic reactions can proceed only for a very 
short time (blackening after boiling') the o-diphenol content may be 
the more important. 

e. R e l a t i o n b e t w e e n b l a c k e n i n g i n r a w a n d 
b o i l e d p o t a t o e s . As is shown in section 1 various opinions 
prevail in the literature as to the cause and control of the so-called 
"blackening after cooking" of potato tubers. These opinions are so 
conflicting that it is highly probable the phenomena described are 
due to different causes. The fact that extensive descriptions of the 
symptoms observed, and of the nutritional and other environmental 
conditions under which the potatoes were grown, are missing in 
many publications, makes comparison between the various investi
gations often difficult. 

I t was not the author's intention to investigate all the factors 
mentioned in the literature as causing blackeningin cooked potatoes. 
The behaviour upon boiling was investigated of only those tubers 
which in the experiments mentioned above were tested for discolora
tion following bruising. 

E f f e c t of t h e p o t a s s i u m s u p p l y . Noordeling pota
toes grown on plots with different potassium dressings (Exp. 589) 
were peeled, transferred to enamelled pans containing cold tap water 
and cooked. They then were exposed to the air for half an hour and . 
compared with similar samples which had been left uncooked but, 
after being halved longitudinally, had been exposed to the air over
night. Tubers from plants with heavy symptoms of K-deficiency, 
which before boiling already showed relatively large areas of blue-
black tissue, retained their black colour upon boiling. Those from 
plants with less heavy symptoms of K-deficiency, although practical
ly free from any discoloration before boiling, showed comparatively 
large areas of pale bluish-green tissue at the stem end when cooked. 
Tubers from plots with a moderate potassium supply became slight-
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ly discoloured while those from plants with a heavy potassium dress
ing remained uncoloured. 

When the cooked potatoes were compared with the corresponding 
raw ones which had been exposed to the air overnight, it appeared 
that the discoloration of the former was confined mainly to those areas 
which in the raw potatoes had blackened. Besides this stem-end 
discoloration a distinct bluish-green colour had developed in a few 
cell layers just beneath the peel (periderm) of the cooked potassium-
deficient tubers. The latter discoloration was particularly evident 
when the peel (periderm) was removed after boiling and the tubers 
were exposed to the air for some time. 

These results demonstrate that discoloration of boiled potatoes 
may be due to potassium deficiency. Apparently those factors which 
promote blackening in raw potatoes (high tyrosine and o-diphenol 
contents, tendency to bruise easily), also favour discoloration after 
cooking. 

As to the nature of the coloured compound in cooked potatoes two 
views prevail in the literature, viz. 1. the pigment is melanin, 2. 
the pigment is not melanin but a complex containing a metal, pre
sumably iron, and an organic compound ( N u t t i n g 2 2 ) , a com
plex of iron and caffeic acid (J u u 1) 12), or merely black iron oxide 
( R o b i s o n 2 8 ) ) . 

To decide whether the pigment is melanin or an iron compound, 
the coloured tissue may be treated with acetic acid. Thereupon 
melanin is unchanged, but if the colour is due to an iron com
pound it will disappear ( R o b i s o n 2 8 ) , see also W a g e r 4 2 ) ) . 

When the potatoes mentioned above were treated with acetic 
acid, the bluish-black areas of the potassium-deficient tubers which 
were already present before boiling remained unchanged; on the 
other hand the more bluish-green areas at the stem end of these 
tubers, which were uncoloured before boiling, together with the 
bluish-green surface layer just beneath the peel, disappeared com
pletely. 

These results indicate that both melanin and an iron compound 
may be concerned in the blackening of cooked potatoes. Not only 
the formation of melanin, but that of the other type of discoloration 
also is stimulated by K-deficiency. Further experiments were car
ried out to elucidate the part played by each of these substances in 
blackening after cooking. 
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R o l e o f e n z y m a t i c p r o c e s s e s i n p r o d u c i n g 
d i s c o l o r a t i o n a f t e r c o o k i n g . When melanin is the 
cause of the discoloration upon cooking, it is to be expected that the 
latter will be most intense if the temperature in the tissue reaches 
the boiling-point slowly. That this is so was shown in the following 
manner. Transverse slices from uncoloured potassium-deficient and 
normal tubers, about 3 mm thick, were placed into boiling water 
immediately after cutting and cooked for some minutes. They were 
then exposed to the air. A similar set of slices was maintained at 
55°C for 20 minutes, exposed to the air for about one hour, then 
cooked for some minutes and again exposed to the air for half an 
hour. A considerable development of bluish-black discoloration oc
curred in the latter case as a result of the prolonged period of enzy
matic activity. The potassium-deficient slices were more intensely 
coloured than the normal ones, owing to their higher tyrosine and 
o-diphenol contents. The K-deficient slices cooked immediately after 
cutting showed a pale green-blue dicoloration at the stem ends and 
in a thin layer beneath the peel. Those from normal tubers were 
uncoloured. 

It should be borne in mind, however, that normally the time during 
which tyrosinase can exert its activity is very limited viz. that 
between the damaging of the cells and the inactivation of the 
enzymes. Since the oxidation of tyrosine proceeds much more slowly 
than that of o-diphenols, it is to be expected that the content of the 
latter rather than that of tyrosine will provide the substrate for 
melanin formation in cooked potatoes. 

In order to s tudy the behaviour of tyrosine and dopa in potato 
tissue after cooking, tests were made with pulps and extracts of both 
potassium-deficient and normal tubers. Samples of Noordeling were 
ground and the pulp cooked. After grinding, the K-deficient pulp 
showed considerable reddening in contrast to that of normal tubers 
which coloured only slightly. Upon boiling the pulps, their red colour 
disappeared completely, but after cooling they turned black to an 
extent dependant on the original degree of reddening. Apparently 
the red pigment formed from dopa which disappears during the 
boiling is afterwards converted very quickly into melanin without 
the aid of enzymes. 

When 1 cc of a 2 per cent Na2S03 solution was added to the red-
coloured pulp after boiling and decolourizing it, no discoloration took 
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place, indicating that the conversion of the decolourized red pigment 
into the bluish-black pigment is an oxidation reaction. 

In a second set of tests use was made of extracts of normal tubers 
(20 g of tissue were ground and filtered ; the filtrate, containing the 
greater part of the tyrosinase, was made up to 100 cc). 5 cc portions 
of these solutions, which showed a pale red colour, were pipetted 
into 20 cc tubes and 1 mg of dopa in 2.5 cc H 2 0 added. Control 
tubes were given 2.5 cc water. 15 seconds after the addition of dopa, 
when the solutions had already turned red, the tubes were brought 
to boiling point as quickly as possible. As this temperature was 
approached the solutions decolourized completely. After boiling for 
a few seconds the tubes were exposed to the air. Within half an hour 
the dopa-containing solutions developed a bluish-black colour, in 
contrast to the control solutions which became only slightly coloured. 

The oxidation of dopa to the red pigment in potato extract took 
place with such velocity that heating a solution to boiling immedia
tely after the addition of dopa did not prevent considerable redden
ing owing to the activety of tyrosinase before its inactivation. 

Since in the above solutions the time was very limited during 
which enzymatic conversion of dopa to the red pigment could pro
ceed, it appeared plausible that during the cooking of potatoes 
oxidation of dopa to the red intermediate should take place before 
tyrosinase is inactivated. 

No red discoloration was observed, however, either of peeled K-
deficient tubers or of tuber slices, at any moment during their 
cooking in boiling water. Apparently under these circumstances the 
oxygen supply is the limiting factor, since tubers whose cooking was 
interrupted, so that although the cells were killed the enzymes 
remained active, turned red after a few seconds' exposure to the air. 

I t must be concluded that melanin is responsible for blackening 
after cooking only in those cases in which conversion of tyrosine or 
dopa to red or black oxidation products has taken place before 
boiling. This may happen when potassium-deficient potatoes are 
bruised or when sodium chloride is added to the peeled raw tubers. 
In the latter case the cells are injured by plasmolysis and reddening 
takes place within a short time. In those cases, however, in which no 
coloration is visible before boiling, the blackening after cooking must 
be attributed to non-enzymatic processes, and presumably to the 
formation of an iron compound. This view is in harmony with the 
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fact that the latter type of discoloration occurs in slices which 
immediately after cutting are immersed in boiling water for 5 minu
tes and then exposed to the air for half an hour. Upon treatment 
with acetic acid the colour disappears completely (see p. 74). This 
type of discoloration also has been studied in some detail. 

N o n-e n z y m a t i c d i s c o l o r a t i o n of p o t a t o e s a f t e r 
c o o k i n g . 

As is stated above, the non-enzymatic discoloration of cooked potatoes is 
attributed by R o b i s o n 28) to the formation during cooking of aferrous 
compound, which upon exposure to the air is oxidized to a ferric com
pound. This conclusion was reached because a marked correlation was 
found between iron content and the incidence of blackening in tubers 
drawn from the same sample. The correlation between tubers drawn from 
different samples was less clear. Non-blackening tubers could be made to 
blacken by soaking for some days in 1 % FeS04 , washing away the excess, 
and boiling. This theory fits the observation of T i n k l e r 3 6 ) that black 
pigmentation could be induced in normal potatoes by contact with rusting 
iron during boiling. C o w i e 8) observed that blackening after cooking was 
confined to tubers grown on K-deficient plots which also had relatively 
high N-level. He suggested tha t potassium deficiency may bring about an 
increased concentration of iron in the tubers, in much the same way as i t 
does in the nodal tissues of maize.plants. 

As has been stated above, a marked correlation was found by the 
author between the non-enzymatic discoloration of boiled potato 
tubers and the level of potassium supply. In potassium-deficient 
tubers this coloration was confined mainly to the stem end and to 
the surface layers just beneath the peel. 

When cooked slices of both potassium-deficient and normal tubers 
were soaked in a one per cent FeS04 solution and exposed to the 
air, a deep bluish-green colour developed, particularly in the tissues 
outside the vascular ring, and at the stem end much more than at 
the bud end. This discoloration again was much more pronounced in 
the potassium-deficient tubers than in the normal ones. 

Since the tissues which develop the non-enzymatic coloration are 
characterized by a very high content of o-dihydric phenol (see Table 
XVIII) , it was suspected that the iron compound of the substance is 
responsible for this type of blackening. This was confirmed by the 
fact that when cooked non-blackening tuber slices were soaked first 
in catechol and then in FeS04 a deep blue-green coloration was pro
duced over the whole surface. With dopa and FeS04 a similar colour 
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was formed. When a solution of catechol or dopa was given Fe2(S04)3 

the pigment was formed instantaneously, but when FeS0 4 was used 
it was necessary to shake with air in order to develop the colour. Hence 
it is probable that the ferric compound of an o-dihydroxyphenol is 
responsible for the discoloration. 

Since both the o-diphenol and the iron contents of the tubers will 
affect the degree of discoloration upon cooking, it is highly probable 
that under certain circumstances (high content of o-diphenol) a clear 
correlation between blackening and iron content will be found, while in 
other cases (low o-diphenol content) the effect of iron will be less clear. 

Besides o-diphenol and iron contents a third factor helps to deter
mine the degree of discoloration. This may be concluded from the 
results of the following experiments. After being boiled, slices of 
potatoes with an adequate K-nutrition were soaked in a solution of 
dopa or catechol and exposed to the air. No green-blue colour develop
ed such as occurs in K-deficient tubers treated in the same manner. 
A similar result was obtained when the tubers were boiled in the 
o-diphenol solutions. Since soluble iron of the K-deficient tubers 
was not higher than that of tubers from plants supplied adequately 

TABLE la 

Iron *) in Noordeling potato tubers (Exp. 589, 

Manuring 

kg K20 per ha 

0 

0 

100 

100 

600 

600 

kg N per ha 

120 

200 

120 

200 

120 

200 

Half of tuber 
analysed 

bud 
stem 
bud 
stem 
bud 
stem 
bud 
stem 
bud 
stem 
bud 
stem 

948, analysed June, 1949). 

Sol. Fe in dry matter p.p.m. 

raw tissus 

17.5 
23.9 
17.6 
18.4 
13.2 
19.7 
13.9 
18.4 
19.-
24.8 
17.0 
22.8 

boiled, tissue 

28.0 
16.7 
35.8 
30.9 
27.8 
27.3 
25.8 
25.4 
36.4 
42.8 
36.3 
37.6 

*) 5 g of tuber tissue are ground in a porcelain mortar after addition of a knife point of 
ascorbic acid and 0.5 cc of glacial acetic acid to bring the pH to 4.4. The pulp is trans
ferred to a 50 cc flask and made up to volume with a saturated solution of (NH4)2S04, 
in order to precipitate the protein. The latter is separated by filtration and the iron in the 
filtrate determined by adding a few cristals of o-phenanthroline and after 10 minutes' 
incubation at a temperature not below 20°C determining the resulting red colour in a 
colorimeter using a filter of 520 ra/j, 12) 9). 
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with potassium (see Table la), it must be assumed that in the for
mer conditions were more favourable for the formation of the Fe-
compound of o-dihydric phenols than in the latter. 

As is stated on p. 61 J u u l i a ) suggests that the degree of dis
coloration of cooked potatoes is closely related to the pH of the 
tissue. In the author's experiments, however, the difference in pH 
between normal and K-deficient tubers was so small (about 0.1 ) that 
it cannot have affected the degree of discoloration. 

That the effect of the hydrogen ion concentration of the tissue is 
relatively small, was shown by boiling slices of potassium-deficient 
tubers in phosphate buffers of the following pH: 5.0, 5.2, 5.4, 5.6, 
5.8, 6.0, 6.2 and 6.4. No differences in discoloration were found after 
exposure of the slices to the air. In a subsequent experiment phos
phate buffers of pH 5.0, 5.4, 6.2 and 8.3, followed by a solution of 
FeS04 were added to pulped K-deficient tubers. No difference in 
degree of discoloration was observed between pH 5.0 and 5.4. At 
pH 6.2 the colour was somewhat deeper blue-green than at pH 5.4 
and at pH 8.3 the pulp became black. 

In the author's opinion the content of organic acids, particularly 
citric acid, is of much more importance than the pH in determining 
the degree of discoloration of K-deficient tubers. This is concluded 
from the following experiment. Slices of K-deficient tubers were boiled 
in a citrate buffer at pH 5.85. During boiling the tubers were pulped 
and the pulp was then exposed to the air. Discoloration was much 
less than in a pulp of the same pH treated with distilled water. When 
a solution of FeS04 had been added, the untreated pulp gave a much 
deeper colour than the pulp to which citrate was added. Apparently 
a great deal of the iron was bound by citric acid and could not react 
with the o-dihydric phenols. Succinic and malic acids gave a slight 
reduction, while glutamic and aspartic acids did not affect the degree 
of discoloration at all. 

Since potassium-deficient tubers contain considerably less citric 
acid than those from plants with an adequate potassium supply 
( J u u l ) , it is probable that owing to this the iron of K-deficient 
tubers will react with o-dihydric phenol more easily than it does 
when more citric acid is present. 

E f f e c t of t h e n i t r o g e n , p h o s p h a t e , a n d 
m a g n e s i u m s u p p l i e s o n t h e d i s c o l o r a t i o n 
a f t e r c o o k i n g . Tubers grown on plots differing in their N-, 
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P-, and Mg-dressings, and stored for about six months, were tested 
for discoloration after cooking in the manner described on p. 73. No 
clear effects of the magnesium and phosphate supplies were observed 
on the colour of the cooked potatoes. Nitrogen supply appeared to 
be of more importance. Nitrogen-deficient tubers after cooking 
were entirely white in colour as opposed to those amply dressed with 
nitrogen which became pale grey-green. 

/. A t t a c k on p o t a s s i u m-d e f i c i e n t p o t a t o e s 
b y s a p r o p h y t i c m i c r o-o r g a n i s m s. Potassium-defi
cient potatoes showing areas of black or grey-brown tissue are easily 
assailed by saprophytic micro-organisms. This accords well with the 
experiment described above using Bad. prodigiosum, in which it was 
seen that only those parts were attacked which in the corresponding 
uninoculated halves showed the black discolorations. 

As the bruised tissue complexes are found at the stem end, the 
tubers are always attacked from that region (Plate IV). This pheno
menon is very common when potassium-deficient tubers are stored. 
Often it can already be observed at the time of harvest. In the course 
of some months, however, the damage becomes much aggravated. 
Table II shows the percentage of tubers attacked by secondary 
micro-organisms. 

TABLE II 

Effect of potassium nutrition of potato plants on the attack by saprophytic micro
organisms on the tubers (December 1948) 

kg K20 per ha 

0 
100 
400 

Number of 
tubers tested 

1697 
2142 
1000 

Percentage 

Healthy | 1/4 *) 

74.2 
91.9 

100.0 

5.0 
3.2 
0.0 

2/4 *) 

4.4 
1.7 
0.0 

3/4 *) 

16.4 
3.1 
0.0 

*) part of tuber affected. 

It will be seen that potassium-deficient tubers are much more 
heavily attacked by saprophytic organisms than are those with a 
normal potassium supply. 

4. Tyrosine content of potato tubers grown under various conditions. 
The potatoes used for the tyrosine analyses were grown on experi
mental fields in the years 1945-'48. These fields were laid out no 
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sandy or peat soils poor in one or more of the following nutritive 
elements : N, P, K, Mg and Cu. By supplying different amounts of 
these nutrients, potatoes were grown showing deficiency symptoms 
graded in severity. 

An extensive report of the results from these field trials will be 
given elsewhere, but the yield data of those plots from which sam
ples were taken for tyrosine determinations will be recorded here 
also. Only in this way is it possible to obtain an impression of the 
extent to which the crops suffered from shortage of mineral nutrients 
The main objection to the fertilizer experiments described by some 
investigators is that no yield data are recorded, so that it is impossible 
to assess the extent to which the plants in their experiments were 
suffering from inadequate supplies of mineral nutrients. 

a. E f f e c t of p o t a s s i u m a n d n i t r o g e n s u p 
p l i e s t o p o t a t o p l a n t s on t h e t y r o s i n e con 
t e n t of t h e t u b e r s . Preliminary investigations concerning 
the effect of potassium and nitrogen dressings on the tyrosine con
tent of the tubers were carried out in 1945. 

Potatoes of the varieties Noordeling and Voran were grown on a slightly-
acid sandy soil containing about 10 per cent humus (exp. field 587). With 
no application of potassium salts, heavy symptoms of potassium deficiency 
occurred. When potassium sulphate was applied at the rate of 100 kg per ha, 
growth was much improved, but normal plants were obtained only when 
the salt was given at the rate of 800 kg per ha. 

On August 9 five plants were harvested from each manurial treatment. 
Although by this time the plants had not ripened, considerable differences 
in yield were obtained as a result of the potassium and nitrogen treatments 
(Table I II) . The tubers were carefully harvested, taken to the laboratory 
and washed with tapwater. They were then used for chemical analysis. At 
this early date, black discolorations were found only in the samples grown 
without any potassium dressing. As usual the coloured patches occurred at 
the stem end of the tubers. 

For the tyrosine determinations 50 g of tuber tissue were ground in a 
porcelain mortar ; 20 cc of glacial acetic acid and 30 cc of water were added 
and the pulp separated on a Büchner funnel. The residue was washed with 2 
per cent acetic acid and the filtrate made up to 200 cc. Aliquots were used 
for the tyrosine determination as described above. In these first determina
tions samples from coloured and white areas of the same potassium-deficient 
tubers were analysed separately. The results.of these determinations are 
given in Table I I I . 

Plant and Soil II 6 
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TABLE III 

Effect of potassium t r ea tmen t and va r ie ty oJ 

Manuring 

kg K 2 0 
/ha 

0 
0 

0 
50 

400 

0 
0 

400 
400 

k g N 

/ha 

300 
300 

300 
300 
300 

• 100 
300 
100 
300 

Yield 
q tubers 

/ha 

101.6 

243.2 

320 . -
107.2 
131.2 

279.2 
340.8 

of t h e t ubers (Exp 

Var ie ty 

Noordeling *) 

**) 
,. t) 
,. *) 
„ *) 

Voran *) 

.. *) 
,. *) 
„ *) 

po ta to on the free 
. 587, 1945) 

mg per 10 g of 

t issue 

Soluble 
N 

31.9 
23.2 
25.4 

2 3 . -

21.5 
24.9 
26.9 
15.1 
20.1 

T y r o 
s i n e 

5 .5 
7 .1 
4 .2 
4 .4 
1.2 
3 . -
3 . -
1.8 
1.5 

tyrosine content 

Per cent of d ry 

ma t t e r 

Soluble 
N 

1.21 
0.76 

0.98 
0.91 
0.89 

1.18 

1.09 
0.76 
0.93 -

T y r o 
s ine 

0.21 
0 .23 
0 .16 
0 .17 
0 .05 
0 .14 
0 .12 
0.09 
0 .07 

*) average tissue sample. 
**) sample from discoloured areas. 
f) sample of white tissue from discoloured tubers. 

These data show that potassium-deficient tubers have a consider
ably higher tyrosine content than those with a normal potassium 
supply. Parts of the tuber which are liable to blackening are extreme
ly rich in tyrosine. The variety Noordeling, which is very prone t o 
blacken, contains almost twice as much as Voran which is much 
less so. 

The results obtained in this preliminary investigation were con
firmed by those from a great many similar experiments on different 
soils and in four successive years. 

T e s t s of 1946. ( E f f e c t of s t o r a g e o n t h e t y r o 
s i n e c o n t e n t o f p o t a s s i u m - d e f i c i e n t t u b e r s ) . 

In 1946 samples were investigated from experimental field 589, located 
on a sandy soil with a pH of about 5 and containing approximately 10 per 
cent organic matter. This field was likewise very poor in available potas
sium as may be seen from the yield data given in Table IV. Potassium and 
nitrogen were supplied in different amounts, and the whole field was treated 
amply with phosphatic and magnesium fertilizers. 

The first analysis of tubers took place on July 22 when 10 plants from 
every manurial treatment were harvested. At tha t date the plants without 
any potassium dressing showed heavy symptoms of K-deficiency on the 
leaves. Those supplied with potassium sulphate at the rate of 100 kg K 2 0 
per ha displayed light deficiency symptoms. Bluish-black discolorations 
occurred only at the stem end of the tubers which had received no pot
assium. 
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Besides tyrosine, a number of other nitrogenous compounds were de
termined. Of these the values for protein nitrogen and total soluble nitrogen 
are recorded in the following tables. 

TABLE IV 

Effect of potass ium and n i t rogen t r ea tmen t s * 
non-

Var ie ty and 
da te of ana

lysis 

Noordeling 
J u l y 22 

Voran 
July 22 

Noordeling 
October 10 

Voran 
October 10 

Noordeling 
March 24, 

1947 

Voran 
March 24, 

1947 

protein ni trogen 

Manuring 

k g K 2 0 
per h a 

0 
0 
0 

50 
50 
50 

300 
300 
300 

0 
50 
50 

300 
300 

0 
0 
0 

50 
50 
50 

300 
300 
300 

0 
0 

300 
300 

0 
0 
0 

50 
50 
50 

300 
300 
300 

0 
0 

300 
300 

k g N 
/ha 

0 
100 
300 

0 
100 
300 

0 
100 
300 
100 
100 
300 

0 
100 

0 
100 
300 

0 
100 
300 

0 
100 
300 

0 
300 

0 
300 

0 
100 
300 

0 
100 
300 

0 
100 
300 

0 
300 

0 
300 

on yield of tubers and p ro te in n i t rogen, soluble 
and free-tyrosine contents of po ta toes (Exp. 589, 

Yield 
i t ) 

tubers 
/ ha 

72.8 
75.2 
84.5 
95.6 

187.2 
151.5 
146.4 
193.2 
180.5 
60.8 

168.4 
142.9 
130.-
144.8 

67.3 
76.1 
91.8 

152.1 
202.4 
209.4 
169.8 
266.3 
327.5 

64.1 
79 . -

2 6 1 . -
460.8 

— §) 

— 
— 
— 
— 
— 
— 
— 
— 
— 
— 
— 

mg per 10 g of tuber 
t issue 

Pro-
te in-N 

21.7 
25.1 
24.6 
16.5 
19.5 
18.6 
17.3 
2 1 . -
22.5 
23.2 
16.4 
20.1 
11.2 
16.6 

24.9 
24.6 

— 
21.3 
24 . -
28.2 
21.8 
23.9 

— 
21.1 
24.5 
12 . -
20.5 

28.5 
29.1 
28.1 
23.9 
29.6 
34.6 
23.1 
28.6 
3 1 . -
23.2 
28.3 
14.2 
27.3 

Soluble 
non-
pro-

tein-N 
17.8 
22.8 
24.5 

8.6 
18.1 
19.-
9.5 

14.2 
18.3 
20.8 
14.7 
15.4 
4.8 

10.4 

20.4 
24.4 
24.5 
13.6 
17.2 
24.4 
9.1 

15.5 
18.9 
19.7 
21.6 

6 . -
16.6 

20.6 
27.3 
28.7 
16 . -
24.6 
29.5 
14.5 
18.6 
2 8 . -
21.5 
2 8 -

9.9 
20.9 

Tyro 
s i n e °) 

7.5 
7.1 
6 .3 
3 .3 
5 .6 
4 . -
2 .7 
2 .7 
2 .5 
5 .4 
3 .6 
2.7 
1.3 
1.5 

7.7 
7 . -
6.« 
4 .1 
5 .5 
5.1 
3 . -
3 .3 
3 .1 
5 .5 
4 . 3 
l . S 
3 . -

9 .2 
8.1 
7.1 
4 .2 
7 .2 
6 .3 
3 .3 
3 .5 
3 .6 
6 .2 
4 .7 
1.» 
3 . -

1946) 

% of d r y ma t t e r 

P ro-
te in-N 

0.93 
1.07 
1.06 
0.69 
0.88 
0.87 
0.84 
0.97 
1.07 
1.11 
0.90 
1.05 
0.63 
0.93 

1.11 
1.07 

— 
0.82 
0.95 
1.19 
0.91 
0.98 
— 
1.09 
1.16 
0.55 
0.91 

1.12 
1.24 
1.08 
0.84 
1.08 
1.12 
0.92 
1.10 
1.04 
1.03 
1.25 
0.59 
1.08 

Soluble 
non-
pro-

tein-N 
0.76 
0.97 
1.06 
0.36 
0.82 
0.88 
0.46 
0.66 
0.87 
0.99 
0.80 
0.80 
0.27 
0.58 

0.91 
1.07 
1.02 
0.52 
0.68 
1.03 
0.38 
0.64 
0.74 
1.01 
1.02 
0.28 
0.74 

0.80 
1.16 
1.10 
0.56 
0.89 
0.98 
0.58 
0.71 
0.94 
0.95 
1.23 
0.42 
0.81 

Tyro 
s i n e 

0 .32 
0 .30 
0 .27 
0 .14 
0 .25 
0 .18 
0 .13 
0 .12 
0 .12 
0 .26 
0 .20 
0 .14 
0 .07 
0 .08 

0 .34 
0.31 
0 .28 
0 .16 
0 .22 
0.21 
0 .12 
0 . 14 
0 .12 
0 .28 
0 .20 
0 .08 
0 .13 

0 .36 
0 .34 
0 .27 
0 .15 
0 .26 
0 .23 
0 .13 
0 .14 
0 .12 
0 .28 
0.21 
0 .08 
0 .12 

T y r o s i -
ne -N as 
% of sol. 

non
p ro 

t e i n ^ 
3.27 
2 .40 
1.97 
3 . -
2.35 
1.58 
2 .18 
1.41 
1.07 
2 .03 
1 .94 
1.36 
2 .12 
1.12 

2 .93 
2 .22 
2 .13 
2 .33 
2 .48 
1.60 
2 . 54 
1 .64 
1.25 
2 .15 
1.52 
2 .20 
1.36 

3 .46 
2 .27 
1.89 
2 .07 
2 .26 
1.82 
1 .73 
1.52 
0 .99 
2 .28 
1.32 
1.41 
1.11 

*) K was supplied as K 2 S0 4 , N as N H , N O s ( amm. n i t r a te l imestone). 
§) Same as October 10. 
t) 1 q =100 kg 
°) acet ic-acid-treated samples. 
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The data from the first harvest are given in Table IV. They reveal 
a close relation between the potassium supply to the plants and the 
free-tyrosine content of the tubers. Although total soluble non-pro
tein nitrogen was high in potassium-deficient tubers, the relative 
content of tyrosine nitrogen was considerably higher there than in 
tubers with a normal potassium supply. 

It is remarkable that with improving nitrogen supply the tyrosine 
content increased only insignificantly. The highest dressing of nitro
gen even gave lower values. Since the total soluble nitrogen increased 
very markedly, mainly as a result of a rise in asparagine and gluta-
mine, the relative tyrosine-N values show a considerable drop with 
increasing nitrogen supply. 

The variety Voran, which is considerably less liable to discolour, 
had a consistently lower tyrosine content than Noordeling. 

The second analysis took place some days after harvesting the crop from 
the whole field, on October 10, 11 and 12. The potatoes were harvested and 
carried very carefully, so tha t discoloration occurred only to a small extent 
in the potassium-deficient tubers. These tubers blackened very easily, 
however, as appeared when they were shaken.for five minutes in a flask and 
then devided longitudinally. Great areas of tissue at the stem end turned 
reddish and then bluish-black as described above. 

The same was true, though to a somewhat less degree, of the tubers 
dressed with 50 kg of K 20 per ha. In those supplied with 300 kg of K 20 
light discolorations only were seen. 

A third analysis was carried out on March 24 and 25 when the tubers 
had been stored for about five months at approximately 10°C. 

The results of the second and third analyses in general agree well 
with those of the first harvest. Although the tyrosine values, calcul
ated on tuber tissue, increased considerably during storage, this rise 
was largely due to loss of water from the stored tubers. On a dry 
matter basis the increments were comparatively small, and when 
calculated in terms of total soluble nitrogen, tyrosine nitrogen even 
showed a fall. This is due to the fact that other soluble non-protein 
compounds increased to a greater extent than tyrosine. 

T e s t s of 1947. ( E f f e c t of p o t a s s i u m a n d n i t r o 
g e n d r e s s i n g s on t h e t y r o s i n e c o n t e n t of s t e m 
a n d b u d e n d s of p o t a t o e s ) . 

In 1947, samples were available from experimental field 650, located on a 
reclaimed peat soil with 10 per cent organic matter. Potassic and nitroge
nous fertilizers were supplied at different rates. 
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The potatoes were harvested on October 16 and 17 when the plants in all 
t reatments had ripened. Analyses were made on samples harvested in the 
first week of September, top and stem halves of the tubers being analysed 
separately. A further comparison was made of the relative effects of treat
ment with acetic acid and sodium sulphite when these are used as inhibi
tors of the oxidation of tyrosine (see analytical methods). 

The yield data and the values for protein and soluble non-protein 
nitrogen and those for tyrosine are shown in Table V. As in the previous 
experiments, a close correlation was found between the potassium 
supply to the tubers and their tyrosine content. Potassium-deficient 
tubers had a content nearly five times as high as that of tubers 
supplied amply with potassium. 

Stem ends of the tubers had considerably higher tyrosine values 
than the bud ends. This was not the case, however, in those tubers 
grown with no potassium dressing and which showed great areas of 
discoloured tissue at their stem ends. Apparently a substantial part 
of the tyrosine in this tissue had been converted into black oxidation 
products. 

Samples treated with acetic acid showed somewhat lower tyrosine 
values than those treated with sodium sulphite. Apparently slight 
oxidation had still occurred in the acetic-acid-treated samples. 

Similar results to the above were obtained using tubers grown on 
some other fields in different years (see Tables VI and XII) . 

TABLE VI 

Effect of potass ium t r ea tmen t on the free-tyrosine content of Noordeling po ta toes 
(Exp. 589, 1948, analysed J a n u a r y 17, 1949) 

Kg 
K 2 0 * ) 
per ha 

0 
100 

600 
1000 

Yield q 
tubers 

per ha 

169 
349 
384 
359 

mg per 10 g of t uber t issue 

Protein

ic 

29.4 
24.9 
23.1 
21.8 

Soluble 
non-pro-

te in-N 

29.2 
27.4 
22.8 
21.6 

Tyro 
s ine t ) 

6 .3 
5.6 
3.6 
3 .3 

% of d r y t uber t issue 

Protein
ic 

1.27 
0.99 

1.04 
1.— 

Soluble 

non-pro-
te in-N 

1.26 
1.09 
1.03 
0.99 

Tyro 
s i n e 

0 .27 
0 .22 
0 .16 
0 .15 

T y r o s i -
ne -N 

as % of 
soluble 

non-pro-
te in -N 

1.66 
1.56 
1.20 
1.17 

*) K was supplied as KaS04, N at the rate of 200 kg per ha as ammonium nitrate 
limestone, P at the rate of 100 kg P205 per ha as double superphosphate, 

t) Na2S03-treated samples. 

E f f e c t . o f p o t a s s i u m s u p p l y o n t h e t y r o s i n e 
c o n t e n t of d i f f e r e n t p o t a t o v a r i e t i e s . It is a 
well-known fact that different potato varieties are not equally liable 
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to discolour when inadequately supplied with potassium. This was 
shown clearly in the experiments described above in which usually 
two varieties were grown. Noordeling, which is very liable to blacken 
has a substantially higher tyrosine content than Voran, which is 
much less so. 

In 1948 several varieties were grown under various conditions of 
potassium supply on a soil initially poor in potassium (field trial 
1031). Yield data, extent of blackening and values for protein nitro
gen, soluble non-protein nitrogen and free tyrosine are shown in 
Table VII). 

It will be seen that of the varieties tested, Noordeling was by far 
the most prone to blacken. Its tyrosine content was also the highest 
of all varieties investigated. In addition, the cells of this variety are 
very readily injured. Bevelander, which was likewise high in tyro
sine, showed relatively little tendency to blacken, apparently 
because its cells are much less easily injured. Wilpo possessed opposite 
characteristics to those of Bevelander : a moderate content of tyro
sine but tissues which are readily damaged. 

I s o l a t i o n of t y r o s i n e . For the isolation of tyrosine, 
according to the method described on p. 63 samples of both K-defi-
cient and normal Noordeling tubers, grown on Exp. field 589 (1946), 
were used. Considerable amounts of pure tyrosine have been isolated 
from K-deficient tubers. The crystals obtained showed the typical 
needles of tyrosine, while the C, H and N contents found were close 
to those of the pure substance. 

Found: C: 62.5%, H: 6.9%, N: 7.6%, Tyrosine: C: 59.6, H: 6.1, 
N:7.7). 

No tyrosine could be isolated from tubers amply supplied with 
potassium. 

b. E f f e c t of p h o s p h o r u s s u p p l y on t h e t y r o 
s i n e c o n t e n t of p o t a t o e s . 

Fertilizer trials with different amounts of phosphate were carried out in 
two consecutive years on slightly acid sandy soils containing about 5 per 
cent humus and poor in available phosphate. As in the experiments with 
potassium, usually two varieties of potato were grown, viz. Noordeling and 
Voran. Different combinations of nitrogen and phosphate treatment were 
applied. The tubers were treated and analysed in the same way as in the 
potassium tests. Yield data from these experiments will be recorded only 
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TABLE 

Effect of potass ium and n i t rogen t r ea tmen t s on yield, ex ten t of b lackening of r aw tubers , 

Var ie ty 

Noordeling . . . 

Rode S ta r . . . 

L iber tas . . . 

E igenheimer . . 

Bint je 

Bevelander . . . 

Eerstel ing. . . . 

Indus t r ie . . . . 

Wi lpo 

Record 

Manuring *) 

k g K 2 0 
per ha 

0 
0 

500 

0 
0 

500 

0 
0 

500 
0 

0 
500 

0 

0 
500 

0 
0 

500 
0 

0 
500 

0 
0 

500 
0 
0 

500 
0 

0 
500 

0 
0 

500 
0 

0 
500 

k g N 
per ha 

100 
140 

140 
100 

140 
140 
100 
140 

140 
100 
140 
14C 

100 
140 
140 
100 

140 
140 
100 
140 
140 
100 

140 
140 
100 
140 

140 
100 
140 
140 
100 
140 
140 

100 
140 
140 

Yield 
q tubers 
per ha 

174 
153 

338 
187 
182 

437 
169 

159 
356 
205 
168 
454 
124 

132 
363 
194 

191 
438 

161 
227 
423 

151 
214 

331 
176 

158 
202 

168 

170 
373 

190 
208 
335 

151 
141 
350 

po ta to . 

mg per 10 g of tuber t issue 

Protein-N 

26.6 
27 . -
24.1 

20.7 
20.3 
20.7 
27.1 

25.8 
18.8 
19.6 
22.7 

16.5 
23.4 
2 3 . -

19.2 
23.4 
24.6 

19.1 
20.2 

20.9 
13.9 
21.3 

24.5 
19.7 
14.3 

17.9 
15.8 
22.7 
22.2 

19.7 

22.5 
19.8 
17.7 
19.4 

19.6 

19.1 

Soluble non-

protein-N 

23.3 

23.9 
19.9 
20.2 

2 2 . -
17.1 
23.2 
25.9 
15.8 

21.5 
26.4 
13.4 

2 6 . -
28.1 
15.3 

24.8 
29.7 
17.3 
29 . -

30 . -
17.4 

31.6 
31.2 
19.4 

26.7 
30.7 
2 1 . -

22.7 
22.8 
16.8 

22.9 
23.2 
15.2 
27.4 
30.2 

14.5 

T y r o s i n e §) 

6.7 
7 . -
3 . -
5 . -
4.1 
2.1 
6 .4 
6.« 
3 .2 
4 . 2 
5.1 
2 .4 
5 .2 
5 .4 
2 .4 
2.7 
3 .1 
2 .3 
4 .» 
3 .9 
2 . -
6.6 
6.8 
3 .1 
4 .8 
5 .6 
3.1 
5 .3 
5 .2 
2 .8 
4 . 2 
4 . 4 
3 . -
3 .9 
5.3 
2 .3 

*) K was supplied as KjSO,, N as ammonium nitrate limestone, P as a basic dressing at the 
rate of 100 kg P206 per ha as double superphosphate and MgSO,, at the rate of 30 kg MgO per ha. 

t) 1 = 10% of total tissue discoloured, 2 = 20% etc. 
§) NaaS03-treated samples. 
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VII 

, protein n i t rogen, soluble non-protein n i t rogen, 

(Exp. 1031, 1948) 

As % of d ry t issue tuber 

Prote in-N 

1 

i 

I 

i 

1 

! 

',' 

> 

< 

1.14 
1.18 
1.02 
0.94 

0.89 
0.99 
1.04 
1.03 

0.77 

0.89 
1.05 
0.80 
1.14 
0.97 

0.68 
1.05 
1.08 
0.84 
0.98 
1.02 

0.65 
0.89 

0.95 
0.86 
0.76 

0.89 
0.85 
1.08 
0.96 

0.75 
1.03 

0.97' 

0.80 
0.97 
0.93 

0.85 

Soluble non-
protein-N 

1.— 

1.05 
0.85 
0.92 

0.97 
0.82 

0.89 
1.04 

0.65 
0.97 
1.22 

0.65 
1.27 

1.18 
0.54 

1.11 

1.31 
0.76 

1.40 
1.47 
0.82 
1.32 

1.21 

0.85 
1.42 
1.53 
1.12 

1.08 

0.99 
0.64 

1.05 

1.14 
0.69 
1.36 
1.43 
0.64 

T y r o s i n e 

0.29 
0 .30 
0 .13 
0 .23 
0 .18 
0 .10 
0 .24 
0.27 
0 .13 
0 .19 
0 .24 
0 .12 
0 .25 
0 .23 
0 .09 
0 .12 
0 .14 
0 .10 
0 .24 
0 .19 
0 .10 
0.27 
0 .26 
0 .13 
0 .25 
0 .2« 
0.17 
0 .25 
0.22 
0 .10 
0 .19 
0 .22 
0 .13 
0.1!) 

0 .25 
0.10 

and free-tyrosine 

T y r o s l n e - N 

as % of solu
ble non-pro-

tein-N 

2 .22 
2.25 
1.17 
1.92 
1.45 
0 .93 
2 .12 
2 .03 
1.03 
1.50 
1.49 
1.39 
1.55 
1.50 
1.23 
0 .85 
0.81 
1.02 
1.31 
l .~ 

0.90 
1.00 
1.(58 
1.28 
1.39 
1.41 
1.14 
1.78 
1.74 
1.27 
1.42 
1.47 
1.51 
1.10 
1.37 
1.20 

contents of several variet ies of 

Ex t en t of b lackening f ) 

upon 5 minutes 
shaking 

October '48 

6 
5 

1.5 
2 
1 

0.5 
3 
2 
1 

2.5 
2.5 
1.5 
2 

2 
2 

1 

2.5 

0.5 
0.5 
0.5 
0 

1.5 

1.5 
1.5 
1 
1 

0.5 

1.5 
1 

1.5 
4 

3 

1.5 
2 
3 
1 

after 6 mon ths 

s torage 
March '49 

3 
2 

0 

1.5 
0 
0 
1.5 
1 .-

0 

0.5 
0.5 
0 

0.5 
0 
0 

0.5 
0.5 
0 

0 
0 
0 
0 
0 
0 

0 
0 
0 
2-
1 

0.5 
3 

1.5 
0 
1 

0.5 
0 
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for those samples in which tyrosine was estimated. Full details will be 

published elsewhere. Table VIII contains the results of experiment 907, 

Table IX those of experiment 965. In both cases a large response to phos

phorus was obtained as can be seen from the yield data. 

As shown in Table VIII, in experiment 907 the tyrosine values 
were low and practically unaffected by the phosphate supply to the 

TABLE VIII 

Effect of phosphorus 
non-

Var ie ty and 
date, of ana

lysis 

Noordeling 
J u l y 24 

Voran 
J u ly 24 

Noordeling 
October 14 

Voran 
October 14 

Noordeling 
March 26, 

1947 

Voran 
March 26, 

1947 

and ni trogen t r ea tmen t s 
>rotein ni trogen, 

Manuring *) 

kg P 2 0 6 
/ha 

0 
0 
0 

100 
100 
100 
500 
500 
500 
500 
500 

0 
100 
500 

0 
0 
0 
0 

100 
500 
500 
500 
500 

0 
500 
500 

.0 
0 
0 

100 
500 
500 
500 
500 

0 
500 
500 

k g N 
/ha 

0 
100 
300 

0 
100 
300 

0 
100 
100 t ) 
300 
300 f) 
300 f) 
300 t ) 
300 t ) 

0 
100 
300 
300 t ) 
300 

0 
100 
300 
300 t ) 
300 

0 
300 

0 
100 
300 
300 

0 
100 
300 
300 f ) 
300 

0 
300 

on yields of tubers and protein ni trogen, soluble 
and free-tyrosine contents of pota toes (Exp. 907, 

Yield q 
tubers 

/ha 

8 8 . -
73.5 
65.4 
87.7 

123.3 
87.9 

161.9 
159.3 
173.7 
170.8 
151.6 
4 8 . -

107.4 
224.9 

150.-
212.8 
209.5 
204.4 
241.5 
201.4 
279.8 
294.3 
291.8 
305.3 
288 . -
452.3 

— 
— 
— 
— 
— 
— 
— 
— 
— 
— 

mg per 10 g of t ube r 
t issue 

Pro-
tein-N 

17.2 
21.9 
23.8 
17.8 
19.8 
20.9 
18.4 
20.5 
21.1 
22.5 
23.5 
21.1 
20.9 
20.9 

21.5 
26.9 
29.9 
3 1 . -
2 8 -
19.8 
24.2 
28.9 
27.8 
2 4 -
13.4 
20.8 

23.9 
24.2 
33.2 
30.8 
22 . -
27.3 
32.1 
30.2 
28.6 
13.6 
23.2 

Soluble 

non-
tein-N 

8 . -
15.3 
17.5 
8.4 

11.6 
17.5 
9.4 

12.9 
13.8 
16.3 
19.6 
15.1 
15.3 
17.3 

9.2 
15.4 
20.6 
26.3 
20.3 

8.9 
14.8 
18.9 
20.6 
18.5 
7.7 

15.4 

13.1 
21.7 
24.7 
22.6 
10.9 
17.1 
23.1 
28.9 
22.1 
10.3 
1 9 -

T y r o -
sinejj) 

2.1 
1.9 
2 .3 
2 . -
2 .3 
2.1 
2.1 
2 .3 
2 .8 
2.5 
3.1 
2 .3 
1.7 
1.9 

2 .2 
2 .2 
3.7 
3 .5 
3 .1 
2 .7 
2 .5 
2.7 
3 . -
3.3 
2 . -
2 . -

1.9 
2 .5 
2 .9 
2 .7 
2.1 
2 .4 
2 .7 
4 .2 
2 .9 
2 . -
2 .2 

1946) 

% of d ry ma t t e r 

P ro-
tein-N 

0.77 
1.18 
1.23 
0.76 
0.85 
1.07 
0.85 
1.04 
1.11 
1.14 
1.14 
1.29 
1.19 
1.20 

0.89 
1.02 
1.22 
1.25 
1.16 
0.80 
1.04 
1.19 
1.14 
1.07 
0.63 
0.97 

0.93 
0.92 
1.25 
1.21 
0.82 
1.03 
1.18 
1.14 
1.24 
0.58 
1 -

Soluble 

non-
tein-N 

0.39 
0.83 
0.91 
0.36 
0.50 
0.89 
0.43 
0.65 
0.73 
0.83 
0.95 
0.92 
0.87 
0.99 

0.38 
0.58 
0.84 
1.06 
0.84 
0.36 
0.64 
0.78 
0.84 
0.82 
0.36 
0.71 

0.51 
0.83 
0.92 
0.90 
0.40 
0.64 
0.85 
1.09 
0.96 
0.44 
0.82 

Tyro 
s i n e 

0.09 
0 .10 
0 .12 
0.09 
0 .10 
0.11 
0 .10 
0 .12 
0 .15 
0 .13 
0.15 
0 .14 
0 .10 
0.11 

0.09 
0 .08 
0 .15 
0 .14 
0 .13 
0.11 
0.11 
0.11 
0 .12 
0 .15 
0.09 
0.09 

0 .07 
0 .10 
0.11 
0 .10 
0 .08 
0 .09 
0 .10 
0 .16 
0 .13 
0 .08 
0 .10 

Tyro s i -
ne-N as 
% of so

luble 

non-pro-
tein-N 
1.78 
0 .93 
1.02 
1.93 
1.55 
0 .96 
1.80 
1.43 
1.59 
1.21 
1.22 
1.18 
0 .89 
0.86 

1.87 
1 .12 
1.40 
1.03 
1.19 
2 .36 
1.29 
1.10 
1.11 
1.42 
2 .02 
1.02 

1.06 
0 .93 
0 .93 
0 .86 
1 .54 
1.09 
0.91 
1.13 
1.05 
1.46 
0 .90 

*) P was supplied as superphosphate, N as Ca(N03)2. K2S04 at the rate of 300 kg K20 per ha 
and MgS04 at 100 kg MgO per ha were supplied as basic dressings. 

§) acetic-acid-treated samples. 
t) N supplied as (NH4)2S04. 
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plants. Storage for five months resulted in a small drop in tyrosine 
content when calculated on a dry matter basis. The effect of in
creased nitrogen supply on the tyrosine values was likewise very 
small. 

The results of experiment 965 (1947) are in full agreement with 
those of the preceding year (Table IX). 

TABLE IX 

Effect of phosph 

Var ie ty 
and d a t e 

of 
analysis 

Noordeling 
December 

12 

Voran 
December 

12 

orus and n i t rogen dressings *) on yield of tubers and protein n i t rogen, 
soluble non-protein n i t rogen and free-tyrosine contents of pota toes 

Manur ing 

kg P a 0 6 

/ha 

0 
0 

0 
300 
300 

300 

0 
300 

k g N 

/ha 

0 
100 
300 

0 

100 
300 

300 

300 

Yield q 
tubers 

/ha 

106.7 

134.3 
120.9 

121.8 
247.2 

230.5 

138.5 
321.6 

mg per 10 g of tuber 
t issue 

P ro -

tein-N 

24 . -

26.9 

29.8 
22.3 

2 8 . -
28.7 

17.8 
22 . -

Soluble 
non-pro -
tein-N 

17.1 
19.4 

23.8 
12.4 

16.9 
24.4 

19.5 
20.8 

Tyro 
s ine f) 

1.1 
1.5 
1 . -

1.3 
1.8 
1.7 

1.2 
1.7 

% of d ry ma t t e r 

P ro-
te in-N 

1.08 
1.08 
1.27 
0.93 

1.06 
1.23 

1.01 

1.09 

Soluble 
non-pro-
tein-N 

§ 0.76 
0.78 
1.01 
0.52 

0.64 
1.04 

1.10 
1.03 

Tyro 
s ine 

0 .05 
0 .00 
0 . 04 
0 .05 
0 .07 
0 .07 

0 .07 
0 .09 

Tyro 
s ine-N 

as % of 
soluble 

non
pro

t e i n ^ 

0.51 
0 .60 
0 .34 
0 .81 
0 .84 
0 .53 

0 .49 
0 .08 

*) P was supplied as double superphosphate, N as Ca(N03)2. K2S04 at the rate of 300 kg K20 
per ha and MgS04 at 100 kg MgO/ha were supplied as basic dressings, 

t) Na3S03-treated samples. 

The tyrosine values were again very low and practically unaffected 
either by phosphate or nitrogen treatments. 

No discolorations were seen in the tubers from these experiments. 

c. E f f e c t of m a g n e s i u m s u p p l y on t h e t y r o 
s i n e c o n t e n t of p o t a t o e s . 

Samples of magnesium-deficient potatoes were obtained from experi
mental field 662, located on a slightly acid sandy soil containing about 5 per 
cent organic matter. This field was poor in available magnesium, and cereals 
as well as potatoes responded clearly to magnesium dressings (Table X). 
Harvesting and analysis of the potatoes were carried out in the same man
ner as in the other fertilizer experiments. 
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TABLE X 

Effect of magnesium and nitrogen t r ea tmen t s on yield of tubers and protein n i t rogen, 
soluble non-protein n i t rogen, and free-tyrosine contents *) 

Var ie ty and 
da te of 
analysis 

Noordeling 

J u ly 26 

Voran 

J u ly 26 

Noordeling 

October 16 

Voran 
October 16 

Noordel ing 

March 27, 
1947 

Voran 
March 27, 

1947 

Manuring t ) 

kg 
MgSO, 

/ha 

0 
0 

200 
200 

0 
0 

200 
200 

0 

0 
0 

200 
200 

200 
0 

200 

0 

0 
0 

200 
200 

200 

0 

200 

k g N 
/ha 

150 
300 
150 

300 
150 
300 

150 
300 

0 

100 
300 

0 
100 
300 

300 
300 

0 
100 
300 

0 
100 

300 

300 
300 

Yield 
q tu

bers 
/ha 

130.1 
115.6 
159.2 
153.2 
154.-

142.-
237.1 

151.6 

9 0 -
174.-

1 4 1 -
92 . -

246 . -
313 . -

258 . -
442 . -

— 
— 
— 
— 
— 
— 

— 
— 

662 1946) 

mg per 10 g of tuber 

t issue 

Pro
tein 

N 

23.2 

25.8 

22.8 
23.5 
18.7 
22.4 
17.4 

20 . -

20.5 
23.4 

29.6 
19.8 
22 . -

28.5 
21.3 

20.3 

24.7 

27.8 
33.8 

2 2 . -
27.7 

38.4 

30.8 
27.3 

Solu
ble 

non-

pro-
tein-N 

19.2 

20.1 
17.2 

20.6 
12.2 
16.4 

10.6 

14.5 

9.6 
15.5 

26.5 
9.7 

10.5 
21.7 

18.5 
16.9 

12.6 
20.4 
32.6 
12.4 

18 . -
30.8 

25.8 
23.2 

Tyro 
s ine 

3 .6 
3 .1 
3 .1 
3 .4 
1.9 
2 .5 
1.4 
2.1 

2 .2 
3 .5 
4 . -

1.5 
2 .3 
3 .6 
2 . 4 
2 .4 

2 .2 
3 .6 
4 . -
1.9 
2 .9 
3 .5 

3 .4 
3 .1 

of po ta toes (] 

% ot d ry ma t t e r 

Solu-
Pro-
tein 
N 

1.06 

1.15 
1.05 

1.10 
0.94 

1.15 

0.90 
1.03 

0.81 
0.97 

1.20 
0.77 
0.87 

1.11 
0.94 
0.92 

0.87 

1.14 
1.24 
0.82 

1.01 
1.23 

1.15 
1.04 

ble 
non
pro

t e i n ^ 

0.88 

0.90 
0.79 
0.96 
0.62 

0.84 

0.55 
0.75 

0.38 
0.64 

1.07 
0.38 
0.41 

0.85 
0.82 

0.76 

0.44 
0.84 

1.20 
0.46 

0.65 
0.98 

0.96 
0.88 

Tyro 
s ine 

0 .16 
0 .14 
0 .14 
0 .16 
0 .10 
0 .13 
0 .07 
0.11 

0 .09 
0 . 14 
0 .16 
0 .06 
0 .09 
0 .14 
0.11 
0 .11 

0 .08 
0 .15 
0 .15 
0 .07 
0 .10 
0.11 

0 .13 
0 .12 

2xp. 

Tyro -
s ine-N 
as % of 

soluble 
non
pro

tein N 

1.41 
1.20 
1.37 
1.29 
1.25 
1.20 
0 .98 
1.13 

1.77 
1.75 
1.18 
1.23 
1.72 
1.27 
1.04 
1.12 

1.23 
1.38 
0 .93 
1.18 
1.24 
0 .87 

1.05 
1.06 

*) Acetic-acid-treated samples. 
t ) N supplied as (NH4)2SO,. Double superphosphate at the rate of 100 kg P2Oä per ha 

and K2S04 at 300 kg K20 per ha were supplied as a basic dressing. 

The results of the 1946 tests show that the magnesium-deficient 
potatoes had somewhat higher tyrosine values than those with a 
normal magnesium supply (Table X). As nitrogen nutrition impro
ved tyrosine increased rather considerably. 
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The data of the 1947 tests (Table XI) agree with those of the 
preceding year in so far as the effect of magnesium is concerned. 

TABLE XI 

Effect of magnesium and l i t rogen dressing? *) on yield of tubers , and 
ble non-prote in n i t rogen and free-tyrosine contents of po ta toes 

Var ie ty 
and da te 

of 
analysis 

Noordeling 
December 

12 

Voran 

Manuring 

kg 
MgS0 4 

/ha 

0 
0 
0 

0 
200 
200 

200 
200 

0 

0 
200 
200 

k g N 

/ h a t ) 

0 
150 
300 
300§) 

0 
150 
300 
300 §) 

0 
300 

0 

300 

Yield q 
tuber 

/ha 

132.1 
234.2 

141.8 
199.4 

152.4 

286.7 
249.4 
244.2 

184.4 

278.8 
194.3 

416.9 

mg per 10 g of tuber 

t issue 

Pro-
te in-N 

24.3 
27.3 
29.4 

29.7 

19.9 
28.3 

32.5 
32.8 

12.6 
20.6 

11.2 
22.1 

Soluble 
non-

te in-N 

16.7 
18.2 

24.8 

28.9 
10.5 
15.1 
22.2 
30.2 

10.7 
22.9 
10.7 
22.7 

Tyro
s ine °) 

2.5 
3.1 
2.4 

3 . -
2.2 
2 .2 
1.9 
1.9 

1.7 
1.9 
1.8 
1.8 

protein n i t rogen 

(Exp . 662, 1947) 

% of dry ma t t e r 

Pro-

te in-N 

1.10 
1.12 
1.12 

1.19 
0.90 
1.07 

1.25 
1.28 

0.73 

0.88 
0.57 
0.93 

Soluble 
non-

te in-N 

0.75 
0.75 
0.95 
1.16 
0.47 
0.57 

0.86 
1.17 

0.62 

0.97 
0.54 
0.96 

T y r o 
s i n e 

0.11 
0.13 
0.09 
0 .12 
0 .10 
0 .09 
0 .07 
0 .07 

0 .10 
0 .08 
0 .09 
0 .08 

solu-

T y r o -
s ine -N 

as % of 
soluble 
non-pro-

te in-N 

1.15 
1.33 
0 .76 
0 .80 
1.60 
1.15 
0 .66 
0 .49 

1.20 
0 .66 
1.29 
0.61 

*) Basic dressing : double superphosphate at the rate of 100 kg P205 per ha and K2S04 at 300 kg 
KsO per ha. 

t) N supplied as Ca(N03)2. 
§) N supplied as (NH4),S04. 
•°) Na2S03-treated samples. 

In contrast to the experiment of 1946 tyrosine did not increase 
with the nitrogen supply. 

In both years Noordeling contained considerably more tyrosine 
than Voran. 

In accordance with the tyrosine contents the magnesium-deficient 
tubers were somewhat more prone to discolour after rough treatment 
than were those with a normal magnesium supply. Compared with 
potassium-deficient tubers, however, the blackening was only slight. 

d. E f f e c t of c o p p e r s u p p l y o n t h e t y r o s i n e 
c o n t e n t of p o t a t o t u b e r s . As stated above, potato 
tubers grown on a soil poor in copper as well as in potassium are 
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considerably less liable to show discolorations than those grown on 
the same soil treated with copper sulphate. 

This was observed for the first time in 1947 on a newly reclaimed 
heath soil poor in copper (exp. 966). The results obtained in 1948 
(exp. 1011) were more convincing, however, and therefore will be 
described in some detail. 

Experimental field 1011 was likewise located on a newly reclaimed heath 
soil dressed with phosphate and magnesium sulphate and supplied with 
calcium carbonate to bring the pH to about 5.0. Available copper, as de
termined by the use of Aspergillus niger*), was found to be very low. 
Potassium dressings were applied as K 2 S0 4 a t rates equivalent to 0, 25, 50, 
100, 200 and 400 kg of K 2 0 per ha, each dressing being combined with 
three levels of copper supply (0, 10 and 100 kg of CuS0 4 .5H 2O per ha). 

It is a well-known fact that potatoes constitute one of those crops 
which are very insensitive to copper deficiency (see 18). Nevertheless 
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Fig. 1. Effect of copper and potassium dressings on yield of tubers. Exp. 
1011, 1948. 0 = no copper supplied, 10 = copper sulphate a t the rate of 10 
kg per ha and 100 = copper sulphate at the rate of 100 kg per ha.( 1 q = 100kg). 

*) for a description of this method see (18). 



A. Attack on K-deficient Noordeling potatoes by saprophytic micro-organisms (lower row). 
Upper row : unaffected tubers from plants amply supplied with potassium. 

B. K-deficient Noordeling tubers (Exp. 1011, 1948). Stored from October until January, 
cut longitudinally and exposed to the air overnight. Upper row : tubers with a poor copper 
supply. Lower row : plants supplied with copper sulphate at the rate of 100 kg per ha. 
Yield data are given in Table 12. 

Plate IV. 
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Plate V. Tubers from Noordeling potatoes (Exp. 1011, 1948). Stored from October 
until January, cut longituginally and exposed to the air overnight. A : tubers from plots 
dressed with potassium at the rate of 200 kg K20 per ha, B : dressed with potassium at the 
rate of 400 kg K2O per ha. Upper row of both A and B : tubers with a poor copper supply. 
Lower row: tubers from plants supplied with copper sulphate at the rate of 100kg. 
per ha. Yield data are given in Table 12. 
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in this case a distinct response to the copper treatment was found as 
may be seen from the yield data (Fig. 1 ). Heavy symptoms of potas
sium deficiency were shown by the plants grown without a potassium 
dressing and by those supplied only with low amounts of this 
nutrient. 

Potassium-deficient tubers from plots supplied with 100 kg of 
copper sulphate showed considerably more pronounced greyish-
brown discolorations than those grown with no added copper. 
When the former were cut longitudinally and exposed to the air, a 
reddish and then black discoloration of large tissue masses de
veloped. A close relation was to be seen between the degree of potas
sium-deficiency and the blackening (Plate IV and V). Without copper 
treatment much less blackening occurred. This was consequent on the 
inactivity of the tyrosinase system in the copper-deficient tubers 
(see Fig. 5) and not on a lower tyrosine content of the cells. This is 
evident from the tyrosine determinations (Table XII) together with 
the tyrosinase.determinations to be described in the next section. 

It will be seen that the copper-deficient tubers are slightly higher 
in tyrosine than those dressed with copper sulphate. 

TABLE XII 

Effect of potassium and copper treatments on yield, protein-N, soluble non-pro-
tein-N, and free-tyrosine contents of Noordeling potatoes (Exp. 1011, 1948, 

analysed January 1949) 

Manuring *) 

kg 
CuSO, 

/ha 

kg 
K20 
/ha 

Yield q 
tubers 
per ha 

rag in 10 g of tuber 
tissue 

Pro
tein-N 

Soluble 
non-
pro-

tein-N 

Free 
tyro

sine f 

% of dry matter 

Pro
tein-N 

Soluble 
non-
pro-

tein-N 

Free 
tyro
sine 

Free ty-
rosine-

Nas%of 
soluble 

npn-pro-
tein-N 

0 
0 
0 
0 
0 

100 
100 
100 
100 
100 

0 
50 

100 
200 
400 

0 
50 

100 
200 
400 

129 
206 
242 
278 
262 
103 
235 
271 
338 
316 

30.4 

32.-

28.7 

36.1 

29.3 

31.1 

30.1 

26.8 

31.3 

28.4 

31.9 
34.-
24.6 
31.1 
32.8 
29.8 
25.4 
22.1 
27.3 
24.5 

6.1 
9.3 
5.4 
4.4 
3.4 
5.7 
e.3 
5.1 
4 . -
3.6 

1.28 
1.12 
1.04 
1.31 
1.22 
1.08 
1.03 
0.95 
1.09 
1.05 

1.34 
1.19 
0.89 
1.13 
1.36 
1.04 
0.37 
0.79 
0.95 
0.90 

0.26 
0.32 
0.20 
0.16 
0.14 
0.20 
0.22 
0.18 
0.14 
0.13 

1.50 
2.08 
1.74 
1.10 
0.80 
1.49 
1.95 
1.76 
1.14 
1.12 

*) K was supplied as KaSO j ; N at the rate of 150 kg/ha as amm. nitrate limestone, P 
at the rate of 200 kg P2Os/ha as double superphosphate and Mg at the rate of 100 kg 
MgO/ha as MgS04. 

t) Na2S03-treated samples. 
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e. T y r o s i n e c o n t e n t of p r o t e i n f r o m p o t a 
t o e s w i t h d i f f e r i n g m i n e r a l n u t r i t i o n . 

For the determination of tyrosine in potato protein use was made of 
tubers grown on the experimental fields mentioned above and analysed also 
for free tyrosine. Protein was obtained as described in section 2 (p. 63). 
Only the water-solube protein was used for the analyses but as i t comprises 
approximately 90 per cent of the total, it may be assumed tha t the values 
obtained are representative of the whole protein. 

In the 1946 analyses no Na 2S0 3 was added before grinding the samples. 
As a result the protein was somewhat brownish when hydrolysed. Further
more in contrast to the tests of 1948 no washing with alcohol was performed. 

75-100 mg of protein were hydrolysed for 24 h with 30 per cent NaOH. 
The excess of NaOH was then neutralized with H 2 S0 4 ; if Na2S04 was 
crystallizing, i t was removed by centrifuging, the solution made up to 
volume and tyrosine determined in the usual way. Table X I I I contains the 
results from a great number of analyses. Since the differences between the 
samples from the various manurial treatments were only very slight, aver
age values of all samples from plants with heavy symptoms of potassium, 
magnesium, phosphate, and nitrogen deficiency respectively were calcul
ated and compared with those from plants grown in the same field but with 
normal treatment. Furthermore, average values were calculated from all 
available Voran and Noordeling data. 

TABLE XIII 

Effect of certain mineral deficiencies of potato plants on the tyrosine content of the 
water-soluble protein in the tubers (October, 1946) 

Field trial 

589 
589 
589 
662 
662 
907 
907 

589, 662, 907 
589, 662, 907 
589, 662, 907 
589, 662, 907 

Manurial treatment 

no potassium *) 
50 kg KsO per ha*) 
300 kg K20 per ha *) 
no magnesium *) 
200 kg of MgS04 .7H20/ha*). . 
no phosphate *) 
500 kg P805 per ha *) 
no nitrogen §) 
100 to 300 kg N per ha §). . . 

Number of 
samples 

hydrolysed 

10 
6 
9 
7 
7 
9 

12 
14 
32 
16 
17 

Tyrosine as % 
of pure protein 

(16% N) 

5.57 ± 0.17 
5.33 ±0 .11 
5.55 ± 0.13 
5.28 ± 0.21 
5.19 ± 0.19 
5.48 ± 0.10 
5.11 ± 0.15 
4.99 ± 0.17 
5.47 ± 0.05 
5.58 ± 0.14 
5.24 ± 0.09 

*) Noordeling and Voran tubers with different dressings of nitrogen. Full details con
cerning fertilizer application, yield and contents of free tyrosine, protein, and soluble 
nitrogen in Tables IV, VIII and X. 
t ) §) Tubers differing in phosphate- and magnesium supplies. 

Tubers differing in manurial treatments. 
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The data of Table XI I I reveal that the tyrosine content of tuber 
protein is practically independent of the phosphate, potassium and 
magnesium supplies to the plants. There is some evidence that the 
protein of plants with an inadequate nitrogen supply is somewhat 
poorer in tyrosine than that of normal plants. 

No varietal difference was observed. 
The values found agree with those of R o s s and T o t t i n g -

h a m 29) who determined the tyrosine content of the protein from 
tubers blackening after cooking and from normal ones. In the former 
a value of 5.38% was found in the latter of 5.37%. 

The figures of Table XI I I are not corrected for losses sustained 
during hydrolysis although these undoubtedly have occurred. This 
may be inferred from the fact that tyrosine added before hydrolysis 
was recovered only to the extent of about 92%. This might mean 

100 A . . 
t ha t the above values should be multiplied by . As it is uncer
tain that the loss of tyrosine liberated from the protein in the course 
of the hydrolysis is similar to that of tyrosine added before hydro
lysis, this correction has not been carried out. B l o c k and B o i 
l i n g 4 ) found an average recovery rate of 85% and adjusted their 
figures using a correction factor of 1.18. 

In the experiments of 1948 the recovery of tyrosine added before 
hydrolysis was ascertained in a great number of cases, employing 
different concentrations of sodium hydroxide and varying the time 
of hydrolysis. 

The procedure followed in 1948 differed somewhat from tha t used in 1946. 
Before grinding the samples 5 cc of a 1 per cent Na 2S0 3 solution were 
added. Precipitation of the water-soluble protein was carried out/in the 
manner described above. After centrifuging, the protein was washed twice 
with water containing a few drops of acetic acid and then three times with 
96 per cent alcohol. Finally it was dried at 36°C. The nitrogen content of 
the protein purified in this way averaged approximately 13.6 per cent, 
corresponding to 85 per cent protein with 16 per cent nitrogen. 

In a preliminary set of tests the influence of time of hydrolysis and con
centration of NaOH solution was investigated. No difference was found 
between 2,5, 5 and 7.5 N NaOH for 8 hours nor between 8, 12, 16 and 24 
hours hydrolysis with 7.5 N boiling NaOH. Subsequent hydrolyses therefore 
were carried out as follows : 50 or 100 mg of purified protein were refluxed 
with 20 cc of 5 N NaOH for 8 hours. 

Plant and Soil II 
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The results of these tests are shown in Table XIV. 

TABLE XIV 

Effect of various manurial treatments of 

Field 
trial 

589 
589 

589 

965 
965 
662 

662 

potato plants (Noordeling) on 
content of water-soluble tuber protein (March, 1948) 

Manurial treatment 

0 K, 120kgN/ha*) 
100 kg K20, 120 „ „ *) 

600kgK,O, 120 „ ,, *) 

0 N, 300 kg KsO/hat) 
300 kg N, 300 „ ,, t ) 

0 N, 400 ,, „ t) 
300 kgN, 400 ,, „ f) 

Yield of 
tubers 
q/ha 

104 
327 

340 

201 
597 
107 
363 

Part of tuber 
analysed 

average sample 
bud half 
stem half 
bud half 
stem half 
average sample 

,, ,, 
j ) >> 

,, ,, 

Number 
of samples 

hydro-
lysed 

6 
6 
6 
6 

6 
6 
6 
6 
6 

the tyrosine 

Tyrosine as % 
of pure pro
tein (16% N) 

6.50 ± 0.11 
6.46 ±0 .13 
6.24 ± 0.20 
6.67 ±0 .10 
6.50 ± 0.13 
6.99 ± .040 
6.77 ± 0.15 
6.42 ± 0.19 
6.78 ±0 .11 

*) Phosphate and magnesium supplied as basic dressings. 
t) Supplied amply with P and Mg. 

The tyrosine values found in this second set of hydrolyses are con
siderably higher than those found in 1946. So far, the cause of this 
difference is unknown. The 1948 samples were taken from tubers 
stored from September until March, those of 1946 shortly after har
vesting the tubers. The former protein was more purified than that 
of 1946, while the time of hydrolysis was much shorter and the 
sodium hydroxide used less concentrated. Recovery of tyrosine 
added before hydrolysis of the 1948 samples was not greater than 
in 1946 viz. 83.7 ± 1.9%. The values in Table XIV have not been 
corrected for probable losses. 

As to the effect of the mineral nutrition however, the results of 
1948 agree with those of 1946. The tyrosine content of tuber protein 
is independent of the potassium, magnesium, nitrogen and phospho
rus supplies. The small effect of nitrogen observed in 1946 was not 
confirmed in the 1948 samples. 

L i b e r a t i o n of t y r o s i n e f r o m p o t a t o p r o t e i n 
u p o n w e a k h y d r o l y s i s . T o t t i n g h a m , N a g y and 
R o s s 3 7 ) , while studying potatoes which blacken after cooking, 
found that the protein of these abnormal tubers was less firmly 
condensed than usual. This appeared in experiments with 3 % NaOH 
at 37°, as well as with proteolytic enzymes. In both cases the amount 
of tyrosine released from K-deficient protein was greater than from 
normal protein. 
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The experiments of T o 11 i n g h a m et al. have been repeated 
by the author using both potassium-deficient and normal tubers. 
The former gave a strong melanin coloration after bruising, the 
latter remained white. Stem and bud ends were tested separately. 
250 mg of purified protein were incubated with 70 cc of 3% NaOH 
at 37°C. 10 cc portions were pipetted at intervals and, after neutrali
sation, analysed for tyrosine. The results are given in Table XV. 

TABLE x v 

Effect of treatment with 3% NaOH on release of tyrosine *) from K-deficient and 
normal tuber protein 

Protein from 

K-def. bud halves . . 
K-def. stem halves . . 
normal bud halves . . 
normal stem halves . . 

mg tyrosine released from 250 mg protein (containing 
12.7 mg tyrosine) after: 

0 | 3V2 

0 
0 
0 
0 

2.7 
3.3 
3.3 
3.0 

8 

4.1 
4.8 
5.6 
5.6 

27 

6.9 
6.9 
7.5 
7.5 

481/, hours 

7.5 
8.7 
8.9 
8.8 

*) average values of 2 flasks. 

It will be seen that protein from K-deficient tubers does not release 
more tyrosine upon treatment with a dilute solution of NaOH 
than does normal protein. The same is true whether protein from 
stem or bud halves are compared. 

For the investigation of the enzymatic release of tyrosine from 
potato protein a comparison was made between tissues from K-defi
cient stem halves and normal bud halves. These tissues show the 
greatest difference as regards blackening. 

10 g tissue samples were washed several times with oxygen-free distilled 
water, freed from adhering water between filter paper, weighed, again 
washed with oxygen-free water and ground under N2 . The pulp from each 
was transferred to a 50 cc stoppered bottle and 1 cc of toluene and 2 drops 
of octylalcohol were added. N2 was then bubbled through for 5 minutes, the 
solution made up to volume with oxygen-free H 2 0 , the flasks closed and 
incubated a t 37°. Of 10 flasks in each set two were analysed for tyrosine 
after 0, 2, 6, 10 and 14 days respectively. 

In opposition to the results of R o s s and T o t t i n g h a m , 
which showed a considerable release of tyrosine in the course of one 
or two weeks, only a slight increase in free tyrosine was found by the 
author. As was the case when 3% NaOH was used for hydrolysis, 
no difference was found between the two sets of samples. 
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D i s c o l o r a t i o n of i s o l a t e d t u b e r p r o t e i n . It 
is a well-known fact that potato protein, coagulated by heat, turns 
brown or black upon drying. Since protein from K-deficient tubers 
turned brown to a much greater extent than that from normal pota
toes, the question arose whether this discoloration is occasioned by 
the oxidation of protein-bound tyrosine by tyrosinase. According to 
S i z e r 31) 32) such a reaction may take place. 

Although the possibility of such a conversion is not denied by the 
author, the blackening may be explained quite as well by postula
ting the adsorption of oxidized free tyrosine on the protein. That 
this may occur was shown in the following experiment. Samples of 
both K-deficient and normal tubers were ground and filtered, and 
the filtrates exposed to the air for some hours. The former assumed 
a deep red colour, the latter reddened only slightly. Upon boiling 
the colour disappeared in both, but after cooling the solution from 
the K-deficient tubers became brown black, and that from the nor
mal tubers pale grey. The coagulated protein was collected by centri-
fuging and washed several times with alcohol. The protein from the 
K-deficient potatoes was black-brown, that from the normal tubers 
grey. A sample of the latter, to which tyrosine had been added before 
grinding, gave a protein resembling that from the K-deficient tubers. 
Evidently oxidized tyrosine may be firmly bound by the protein, as 
a result of which the latter turns brown-black. 

/. L o c a l i z a t i o n of t y r o s i n e a n d o-d i h y d r i c 
p h e n o l s i n p o t a t o t u b e r s . When slices of potassium-deficient 
tubers are immersed in water at 60°C for 20 minutes and then 
exposed to the air, reddening of the tissues outside and in the vascular 
ring proceeds more readily than that of the interior parts of the 
tuber. Since it is well-known that 3,4-dihydroxyphenylalanine, like 
other o-dihydric phenols, is oxidized more rapidly than tyrosine, it 
was supposed that the differences observed were due to an unequal 
partition of these phenols within the tubers. 

To gain more information about the localization of tyrosine and 
o-diphenols in potato tubers, these compounds were determined in 
the layer 0-5 mm from the surface and in the tissue at a greater 
depth than 5 mm. The results of these preliminary tests are given in 
Table XVI. 
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TABLE XVI 

Localization of free tyrosine and o-dihydric phenols in Noordeling potato tubers 
(Exp. 589, 1948, anal. March 4, 1949) 

Tissue analysed 

0 K, bud half, 0-0.5 cm 
OK, ,, „ > 0.5 cm from the surface . . . . 
600 kg K.O/ha, bud half, 0-0.5 cm 
600 ,, ,, ,, ,, > 0.5 cm from the surface 

mg per 10 g of raw tissue 

Dopa equivalent] Tyrosine 

3.4 
0.7 
1.9 
0.4 

4.3 
5.9 
2.3 
3.5 

It will be seen that the highest value for the dopa equivalent was 
obtained from the exterior parts of K-deficient tubers. Tyrosine, 
unlike the dopa equivalent was higher in the interior parts of the 
tubers than in the layer 0-5 mm deep. The differences were much 
smaller, however, than in the case of the dopa equivalent. 

In a subsequent experiment the layers 0-2, 2-6 and > 6 mm from 
the surface of the tubers were analysed separately. Table XVII 
contains the results of these analyses. 

TABLE XVII 

Localization of free tyrosine and dopa equivalent in K-deficient potato tubers 
(Noordeling, March 5, 1949) 

Tissue 
analysed 

Bud half, 0-2 mm. . . . 
,, ,, , 2-6 mm. . . . 
,, ,, , > 6 mm. . . . 

Stem half, 0-2 mm. . . . 
,, ,, , 2-6 mm. . . . 
,, ,, , > 6 mm. . . . 

mg per 10 g of raw tissue 

Dopa equi
valent 

5.3 
1.4 
0.6 
4.6 
2.6 
1.3 

Tyrosine 

3.9 
6.4 
6.4 
5.8 
6.8 
6.8 

% of dry matter 

Dopa equi
valent 

0.25 
0.07 
0.03 
0.20 
0.14 
0.06 

Tyrosine 

0.18 
0.31 
0.34 
0.25 
0.36 
0.34 

These data show that o-dihydric phenols are concentrated mainly 
in the exterior 2 mm of the tuber. This layer contains considerably 
less tyrosine than the underlying tissue. Both tyrosine and dopa 
equivalent are higher in the stem half than in the bud half. In a 
further test the periderm was analysed separately. As may be seen 
from Table XVIII , it contained four times as much dihyric phenol as 
the layer 1 mm thick immediately underlying it. In all cases both 
dopa equivalent and tyrosine figures were much higher in K-defi
cient than in normal tissue. 



102 E. G. MULDER 

TABLE XVIII 

Localization of free tyrosine and dopa equivalent in K-deficient and normal Noorde
ling potatoes (March 8 and 10, 1949) 

Tissue analysed 

K-deficient bud haif, periderm 
, , »j t> > o ~ i m m 

,, ,, ,, , 1-5 mm 
,, ,, ,, , > 5 mm 

Normal ,, ,, , periderm 
j , >> , , , 0—1 m m 

,, „ ,, , 1-5 mm 
> 5 mm 

mg per 10 g of raw tissue 

Dopa equi
valent 

20.9 
4.5 
2.8 
1.7 

10.5 
2.8 
1.3 
0.8 

Tyrosine 

3.9 
3.6 
6.5 
7.6 
2.8 
1.2 
3.4 
3.5 

% of dry matter 

Dopa equi
valent 

0.60 
0.15 
0.10 
0.07 
0.38 

0.05 
0.04 

Tyrosine 

0.11 
0.12 
0.23 
0.34 
0.10 

0.14 
0.16 

The results of the above experiments show that the content of 
dopa equivalent in the various layers of potato tubers is inversely 
related to the content of tyrosine. As dopa is the first oxidation 
product of tyrosine, it appears likely that in the external tissues 
part of the tyrosine has been oxidized to dopa. If this assumption be 
correct, it is to be expected that in Cu-deficient potatoes a smaller 
proportion of the tyrosine will be converted into dopa than in tubers 
with a normal Cu-supply. The figures of Table XIX deal with the 

TABLE XIX 

Effect of copper supply on the dopa equivalent and free-tyrosine contents of three 
tissue layers in Noordeling potatoes*) (Exp. 1011, 1948, anal. March 

Tissue analysed 

Cu-deficient 
Bud half, 0-2 mm . . 
,, ,, 2-5 aim . . 
,, ,, > 5 mm . . 

stem half, 0-2 mm . . 
,, ,, 2-5 mm . . 
,, ,, > 5 mm . . 

Normal Cu-supply 
Bud half, 0-2 mm . . 

,, ,, 2-5 mm . . 
,, ,, > 5 mm . . 

stem half, 0-2 mm . . 
,, ,, 2-5 mm . . 
,, ,, > 5 mm . . 

mg per 10 g of raw 
tissue 

Dopa equi
valent 

4.3 

0.9 

0.5 
3 . -

0.5 
0.3 

4.8 
0.7 
0.3 

3.5 
0.8 
0.4 

Tyrosine 

2.2 

2.9 
3.7 

2.5 
4.4 

5.7 

2 . -

1.9 
2.4 
2 . -
3.2 
4 . -

% of dry matter 

Dopa equi
valent 

0.24 
0.03 
0.02 
0.14 
0.02 
0.01 

0.26 
0.02 
0.01 
0.16 
0.03 
0.01 

Tyrosine 

0.12 
0.11 
0.17 
0.12 
0.16 
0.25 

0.11 
0.06 
0.10 
0.09 
0.11 
0.16 

21, 1949). 

Dopa 
equiv. as % 
of tyrosine 

200 
27 
12 

117 

12.5 
4 

236 
37 

10 

178 
27 

7 

tubers from plots dressed with K2S04 at the rate of 400 kg KzO/ha. 
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dopa equivalent and tyrosine contents of three layers in normal and 
Cu-deficient Noordeling tubers. 

These figures reveal a higher tyrosine content in Cu-deficient 
tubers than in those supplied with copper sulphate, this being 
particularly true of the interior tissues. The dopa contents are only 
slightly higher in the tissues supplied with ample Cu. Expressed as 
percentages of the tyrosine values, however, the dopa values are 
considerably higher in normal tubers than in those inadequately 
supplied with copper. 

In experiments with thin slices a fall in tyrosine content was found 
upon exposure to the air. In some cases a concomitant rise of the 
o-diphenol content was found, indicating a conversion of tyrosine 
into dopa. More details concerning these experiments will be given 
in a subsequent paper. 

5. Tyrosinase activity of potato tubers in relation to mineral nutrition. 
The tyrosinase activity of potato tubers was determined as described in 

section 2. In preliminary experiments the mixture of potato pulp and tyro
sine was exposed to the air in a thin layer in wide-mouthed Erlenmeyer 
flasks. Since it was uncertain if under these conditions the diffusion of 
oxygen into the solution could keep pace with oxygen consumption, air 
was bubbled through the solutions in all the following experiments. 

In these preliminary experiments a comparison was made of the 
tyrosinase activity of tubers from plants with differing potassium 
and nitrogen supplies. No effect of potassium was found, but tubers 
from plants dressed with large amounts of nitrogen had a greater 
tyrosinase activity than those from plants with a normal nitrogen 
supply. These experiments were repeated using tubers grown under 
various nutritional conditions. In some cases rose and heel halves of 
the tubers were analysed separately. The results of these experi
ments will be dealt with in some detail. 

a. E f f e c t of p o t a s s i u m s u p p l y o n t h e t y r o s i 
n a s e a c t i v i t y . 

10 g of tissue from each end of both potassium-deficient and normal 
Noordeling potatoes, grown on experimental field 650 in 1947, were used in 
this experiment. After grinding, the pulp from each sample, together with 
50 mg of 1-tyrosine, was made up to 150 cc and transferred to a scrubbing 
flask. Air was bubbled through the solution, which was incubated at 20°C, 
and tyrosine was determined at intervals. 
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The results of this experiment are represented graphically in Fig. 2. 
I t will be seen that as regards the rose ends the tyrosinase activity in 
normal tubers was slightly higher than in potassium-deficient tubers. 
The heel ends did not show this difference. At both K-levels there 
was a somewhat higher activity in heel tissue than in rose tissue. 

A similar test was carried out with other tubers grown on the same 

45 r mg of I . tyrosine conver ted 

hours 

Fig. 2. Effect of the supply of potassium to potatoes on the tyrosinase activi
ty in the tubers. Exp. 650, September 1947. • # rose half of tubers 
grown with 100 kg K 2 0 per ha, -| \- heel half of the same tubers, 
O'—•—O r o s e half of tubers grown with 600 kg K 2 0 per ha. Q O 
heel half of the same tubers. Data concerning yield and chemical composi

tion of the tubers are given in Table V. 
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field, but on different plots. The results agreed with those of the 
first experiment in so far as the difference between heel and rose 
tissue was concerned. The effect of potassium supply was negligible, 
however. 

In a third experiment, in which Noordeling potatoes from the 
copper-potassium experimental field 1011 were used, average tissue 
samples of the tubers were investigated (5 g pulp supplied with 24 
mg 1 -tyrosine ; solution made up to 100 cc ; 1 cc toluene and 3 drops 
octylalcohol added, temperature 20°C). No effect of potassium level 
was found on the conversion of tyrosine. 
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Fig. 3. Effect of the supplies of phosphorus and nitrogen to potatoes on the 
tyrosinase activity in the tubers. Exp. 965 January 1949. ( + P = double 
superphosphate at the rate of 300 kg P 2 0 5 per ha, -)- N = Ca(N03)2 a t the 

rate of 300 kg N per ha). 

These results demonstrate that the tyrosinase activity in potato 
tubers is practically independent of the potassium supply to the 
plants. 
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b. E f f e c t of p h o s p h o r u s a n d n i t r o g e n s u p p l i e s 
o n t h e t y r o s i n a s e a c t i v i t y . 10 g samples of Noordeling 
tubers from experimental field 965, some with an inadequate and 
others with a normal phosphate supply, were investigated for tyros
inase activity in the manner described above. The results of this 
test are represented graphically in Fig. 3. 

A slightly higher tyrosinase activity was found where the phos
phorus supply was adequate than in phosphorus-deficient tubers. 
The somewhat lower values obtained from those tubers grown without 
a nitrogen dressing must undoubtedly be ascribed to the lower pro
tein content of these tubers. 

- m g of l - tyros lne c o n v e r t e d 

OMg+N 

-° 
+Mg+N 

Fig.^4. Effect of the supplies of magnesium and nitrogen to potatoes on the 
tyrosinase activity in the tubers. Exp. 662, January 1949. + Mg = MgS04 a t 
the rate of 200 kg per ha, + N = (NH4)2S04 a t the rate of 300 kg N per ha. 

c. E f f e c t of m a g n e s i u m a n d n i t r o g e n s u p 
p l i e s o n t h e t y r o s i n a s e a c t i v i t y . For this test 
magnesium-deficient and normal Noordeling tubers, grown on 
experimental field 662 in 1948, were used. In both types 5 g samples 
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of tubers at two levels of nitrogen supply (poor and ample) were 
investigated. The results are shown in Fig. 4. It will be seen that 
tyrosinase activity was practically unaffected by magnesium supply. 
The somewhat higher values given by the magnesium-deficient tubers 
were probably due to their slightly higher protein contents. The rela
tively large differences between samples with a poor and an ample 
nitrogen supply must likewise be attributed to the differences in pro
tein content. 

d. E f f e c t of c o p p e r s u p p l y o n t h e t y r o s i n a s e 
a c t i v i t y . Since copper is the main constituent of the prosthetic 
group of tyrosinase, it was expected that potatoes grown on soils 
poor in.available copper would show less tyrosinase activity than 
those grown on normal soils. In a preliminary experiment with 
Noordeling tubers grown in 1947 on a reclaimed heath soil having 
little available copper, a clear effect of added CuS04 was found. In 
1948 the experiments were repeated with samples from field 1011, 
the soil of which was likewise very poor in available copper, and in 
potassium as well. The plan of the fertilizer treatments and yield 
data can be read from Fig. 1. 

For each tyrosinase test an average tuber sample of 5 g was used. 24 nig 
of 1-tyrosine, 1 cc of toluene and 3 drops of octyl alcohol were added and 
the solution made up to 100 cc. Air was bubbled through the solution which 

' was incubated at 18-20°C. 

After some hours' incubation a strong contrast was observed 
between the different solutions. Those from copper-treated potatoes 
had a dark reddish-brown colour whereas those from untreated 
plants merely showed a faint yellow shade. In the latter the tyrosi
nase activity was extremely low, as is shown in Fig. 5. 

Potatoes dressed with copper sulphate at the rate of 10 kg per ha 
showed a considerably higher tyrosinase activity than those with 
none added. In this case the activity decreased with improving 
potassium supply, probably as a result of the increasing yield of dry 
matter lowering the copper content per unit of dry matter. 

In a further set of tests, the effects of CuS04, Cu-glycinate and 
FeCl3 on the tyrosinase activity of Cu-deficient and normal potatoes 
were investigated. The tubers used for this experiment were grown 
on plots dressed with potassium at the rate of 400 kg K 2 0 per ha. 
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Each 5 g sample of average tuber tissue was ground and the pulp trans
ferred to a scrubbing flask, together with 40 cc of either Cu- or Fe-salt solu
tion, 32 mg 1-tyrosine dissolved in 80 cc H 2 0 , 2 cc toluene and 3 drops octyl 
alcohol. As regards the metals either 50 or 200 y Cu as CuS04 or as Cu-
glycinate, or else 0.5 or 1 mg of FeCl3 .6H20 was added per flask. After 
two hours' incubation the concentration of Cu-glycinate was raised from 50 
to 500 y Cu and from 200 to 800 y Cu per flask, while the lower concentration 
of FeCl3, was increased to 5 mg FeCl3. 6H 20 per flask. 

Air was bubbled through the solutions, which were incubated at 16-17°C 
and tyrosine was determined at intervals. 

Some of the results from this experiment are represented graphic
ally in Fig. 6. It will be seen that the Cu-deficient tubers showed no 
appreciable tyrosinase activity. Apparently the slight activity ob
served previously in these tubers had disappeared after two months' 
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Fig.. 5. Effect of the supply of copper to potatoes on the tyrosinase activity 
in the tubers. Exp. 1011, January 1949. 0 = no copper, 10 = copper 
sulphate at the rate of 10 kg per ha and 100 = copper sulphate at the rate 
of 100 kg per ha. In all cases potassium was supplied at the rate of 400 kg 
K 2 0 per ha. Data concerning yield and chemical composition of the tubers 

are given in Table XI I and Fig. 1. 
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Fig. 6. Effect of Cu-glycinate and FeCl3 on the tyrosinase activity of tubers 
grown with a poor and a normal copper supply respectively. Exp. 1011, 
April 1949. 0 = no copper added, 100 = supplied with copper a t the rate 
of 100 kg CuS04.5H 20 per ha. Cu-deficient samples supplied with Cu-
glycinate or CuS04 gave values equal to or somewhat below those obtained 

without these additions. 
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storage. Neither the addition of CuS04 nor that of Cu-glycinate 
produced any improvement. When supplied to normal pulp, how
ever, Cu-glycinate induced a considerable increase in tyrosinase 
activity. Addition of FeCl3 to solutions containing pulp from normal 

0 - 2 
_ m g ol I . t y ros ine conver ted 

Fig. 7. Tyrosinase activity in various layers of normal potato tubers. Exp. 
589, April 1949. 0 - 2 , 2 - 5 and > 5 mm from the surface respectively. 
K-deficient tubers gave similar results, with the exception of the interior 

tissue which had a somewhat greater tyrosinase activity. 

tubers resulted in much increased blackening. Since tyrosinase acti
vity was not affected by the added iron (Fig. 6), it must be assumed 
that the intensification of blackening was caused by a reaction of Fe 
with one of the oxidation products of tyrosine. It is unknown 
whether or not under certain circumstances (high Fe content) this 
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reaction may play a part in the blackening of raw potatoes. In 
blackening after boiling the Fe-reaction may be of considerable 
interest, as is shown on p. 77. 

As stated above, potassium-deficient tubers grown on soils poor 
in copper are considerably less liable to discolour than those sup
plied normally with copper. This in undoubtedly due to the differen
ce in tyrosinase activity. 

e. L o c a l i z a t i o n of t y r o s i n a s e i n p o t a t o t u 
b e r s . 5 g ground tissue from the layers 0-2 (peel) and 2-5 mm 
and from the rest of the tubers were tested individually for tyrosi
nase activity in the usual way. As is shown in Fig. 7 a considerable 
difference in activity was found between the different tissues. The 
centres of the tubers contained much less tyrosinase than the tissues 
of the exterior layers. This difference is undoubtedly partly related 
to the unequal distribution of protein in potatoes. This may be 
concluded from the figures for total N in the various layers (Table 
XX). 

TABLE XX 

Dry matter and nitrogen content of various layers of K-deficient and normal 
Noordeling potatoes (Exp. 589, 1948, analysed June 4, 1949) 

Potassium-deficient tubers 

Layer ana
lysed 

0-2 mm 
2-5 mm 

rest 

Dry matter 

10 

20.5 
25.6 
26.5 

N in dry 
matter % 

3.38 
2.53 
2.28 

Normal tubers 

Layer ana
lysed 

0-2 mm 
2-5 mm 

rest 

Dry matter 1 N in dry 
% 1 matter % 

23.1 
30.6 
27.8 

2.28 
1.69 
2.24 

/. E f f e c t of t e m p e r a t u r e a n d p H of t h e s o l u 
t i o n on t h e t y r o s i n a s e a c t i v i t y of p o t a t o 
e x t r a c t . The effect of temperature on the tyrosinase activity of 
potato tissue was investigated in the usual way, employing Noorde
ling potatoes supplied with potassium, stored from October 1948 
until May 1949 when the experiment was carried out. The tests took 
place at 20, 30, 40, 50 and 60°C respectively. 

The results of this experiment are shown in fig. 8. In agreement 
with those obtained by G o u l d 1 0 ) the greatest activity of 
tyrosinase was found at 30°. At 40° and particularly at 50° consider
able inactivation was apparent. The solutions blackened much more 
rapidly, however, than they did at 20 and 30° at which tempera-
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tures the red colour was preserved for a much longer time. I t is un
known whether this difference was caused by a much accelerated 
formation of melanin from the red pigment at high temperature or 
b y the formation of the Fe-compound of one of the oxidation pro
ducts of tyrosine owing to the liberation of iron. 

Fig. Effect of temperature on the tyrosinase activity of potato pulp. 
Exp. 589, May 1949. 

The effect of pH of the solution on the tyrosinase activity is shown 
in Fig. 9. I t will be seen that the rate of tyrosine oxidation increased 
as the pH rose. The rate at which the solution blackened increased 
much more, however, indicating that the formation of the black 
pigment was affected by the pH to a greater extent than was the 
oxidation of tyrosine. 

6. Discussion. Of the five elements tested (N, P, K, Mg and Cu), 
potassium had by far the greatest effect on the free-tyrosine content 
of potato tubers. Its effect was only partly due to the enhance
ment of soluble nitrogen which is typical of K-deficient plants in 
general. This is evident from the fact tha t the figures for tyrosine-N 
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calculated as percentages of total soluble nitrogen were highest in 
K-deficient plants. "With increasing nitrogen supply total soluble 
nitrogen rose considerably but tyrosine only slightly or not at all. 
The accumulation of tyrosine is clearly related to some specific 
reaction proceeding at an enhanced rate in K-deficient potato plants. 

40 r m9 ot ' " tyrosine converted 

11% hours 2lV> 2 4'A 6 

Fig. 9. Effect of pH on the tyrosinase activity of potato pulp. Exp. 589, 
June 1949. 

More details concerning this reaction will be given in a subsequent 
paper. 

Some evidence was obtained that magnesium deficiency has a 
similar but considerably smaller effect on the tyrosine content to 
that of potassium deficiency. 

Phosphate supply did not affect the tyrosine content of potatoes. 
Cu-deficient tubers again were somewhat higher in tyrosine con

tent than normal ones. I t is improbable, however, that this differ
ence was due to increased formation of tyrosine in the Cu-deficient 
potatoes, but apparently was related to their low tyrosinase activity. 

In spite of the high free-tyrosine content of potassium-deficient 
potatoes the tyrosine content of the protein did not differ from that 
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of normal ones nor from that of nitrogen-deficient, phosphorus-defi
cient and magnesium-deficient tubers. Apparently the amino-acid 
composition of tuber protein is independent of the concentrations of 
the individual free amino acids in the tissues. 

Free tyrosine is distributed unequally within potato tubers. The 
stem halves of those investigated contained 20-40% more than the 
bud halves. In both halves the exterior layers were considerably 
poorer in tyrosine than the interior tissue. Since o-diphenol showed 
an inverse partition among the various layers, it is supposed that in 
the exterior tissue, part of the tyrosine is converted into 3, 4-di-
hydroxyphenylalanine. Tests with tubers supplied with different 
amounts of copper pointed in the same direction. 

The tyrosinase activity of the tubers was found to be independent 
of the potassium, phosphorus and magnesium supplies to the potato 
plants. Tubers from nitrogen-deficient plants showed a slightly 
lower tyrosinase activity than those from plants supplied amply 
with nitrogenous fertilizers. This difference was probably due to the 
much higher protein content of the tubers from the latter. 

In contrast to the above four nutrients, the copper supply to the 
plants is of great importance in determining the tyrosinase activity 
in the tubers. This was shown by growing potatoes on soils poor in 
available copper. Although the appearance of the plants was normal 
and the yield of tubers only slightly reduced, the tyrosinase activity 
was less than 1jl0 of that of tubers from the plots dressed with copper 
sulphate. Addition of copper sulphate or copper glycinate to pulped 
Cu-deficient tuber tissue supplied which 1-tyrosine did not increase 
the activity. Apparently under these circumstances tyrosinase could 
not be formed. Nevertheless, when the copper salts were added to a 
pulp of tubers grown with a normal copper supply, the tyrosinase 
activity was further increased. 

No difference in tyrosinase activity was found between the bud 
and stem halves of potato tubers. Considerable differences exist, 
however, with the depth of the tissues within the tubers. The tis
sues of the exterior layers, in which the o-diphenol-tyrosine ratio is 
much higher than in the interior parts, showed a tyrosinase activity 
more than twice as high as that of the latter. 

Blackening of potato tubers. The blackening of raw potatoes in
duced by bruising should be clearly distinguished from the blacken
ing after cooking which has been investigated and described by 
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numerous authors. The former is due to the enzymatic oxidation of 
free tyrosine or of an o-diphenol, presumably 3, 4-dihydroxyphenyl-
alanine, first to a red pigment and then to the bluish-black melanin. 
In normal tuber tissue this conversion does not proceed, probably 
because of the fact that part of the tyrosine and tyrosinase are 
located apart and the presence of a powerful reduction system which 
prevents the free tyrosine or the o-diphenol from being oxidized 
when coming together with tyrosinase and oxygen. As an in vitro 
example of such a system may be mentioned a tyrosinase-dopa solu
tion supplied with ascorbic acid. Although air may be bubbling 
through this solution no oxidation of dopa takes place as long as 
ascorbic acid is present. When all the latter substance has been 
oxidized, however, a rapid oxidation of dopa to red and thereafter 
to black pigments takes place. 

In the living potato tuber, disturbance of the cell structure follow
ing injury to the tissues will allow the tyrosine oxidation to proceed. 
This may be demonstrated by heating tuber slices in their centres 
with a small flame. Oxidation of tyrosine then occurs in a ring sur
rounding at some distance the point of heating ; in this annulus the 
cells are injured but the enzymes retain their activity. A similar 
result is obtained if the slices are either immersed for 20 minutes in 
water at 55-60°C or exposed to the vapour of toluene, chloroform 
etc. Bruising the tubers likewise causes injury to large cell complexes. 
In agricultural practice this latter is the most important cause of in
jury. Damage due to high temperature or to slight night frosts is 
encountered only sporadically. Although tubers with a high content 
of tyrosine or o-dihydric phenols (K-deficiency) discolour much more 
strongly following injury to the cells than those with a low content, 
the latter nevertheless show a distinct grey-black colour, provided 
that the copper supply to the plants was normal. 

The liability of the tissues to mechanical damage depends to a 
large extent on the mineral nutrition. In tubers of plants amply 
supplied with mineral nutrients, injury to the cells results only from 
unusually rough handling. In general they withstand five minutes 
shaking in a flask without harm. In potassium-deficient tubers, how
ever, and particularly at their stem ends, the cells are very easily 
damaged. A relatively slight movement of the tubers (sorting machi
nes) causes injury to large cell complexes followed by oxidation of 
tyrosine and o-dihydric phenols to melanin. When K-deficient tubers 
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have been stored, they are much more easily injured than previously. 
Tubers from plants with a moderate potassium supply, which at har
vest time showed no unusual tendency to bruise, may become rather 
liable to do so under storage. 

Although o-dihydric phenols (e.g. 3,4-dihydroxyphenylalanine) 
are oxidized by tyrosinase much* more readily than are monohydric 
plenols (tyrosine), it is probable that the ultimate result will be the 
same whether the injured cells contain tyrosine or o-diphenols. In 
the latter case reddening will appear within a minute, in the former 
within half an hour. In both cases blackening will occur some hours 
thereafter. 

Of the other nutrients tested, magnesium may have some effect on 
blackening, for an inadequate supply may bring about a slight in
crease in tyrosine content. 

Nitrogen supply, to which an important role has been attributed 
in the literature in relation to the blackening of potato tubers after 
boiling, was found to have only an indirect effect in the blackening 
following injury. When the potassium level of the soil is very low, 
no influence of nitrogen supply on blackening is found when it is mo
derate, however, the more extensive plant growth on the plots amply 
dressed with nitrogen may produce symptoms of K-deficiency, whereas 
plants grown with a low N-dressing will show no such symptoms. 

Copper plays an important role in the development of black dis-
colorations in potato tubers owing to its function in tyrosinase. 
Although the potato is one of those plants which need very little 
copper for their normal development, when grown on soils poor in 
this trace element, the tyrosinase activity of the tubers is very low. 
When, in addition to copper, potassium is lacking in these soils, the 
tyrosine content of the potatoes is high. In spite of this high content, 
blackening of bruised tissue will occur only to a small extent. Since 
newly reclaimed sandy and peat soils in general are poor in copper, 
it may be expected that after bruising potassium-deficient potatoes 
grown on such soils will blacken to a considerably less degree than 
tubers from soils well supplied with copper. It is probable that the 
use of copper salts as a fungicide against Phytophtora infestans on 
sandy and peat soils increases the liability to blacken. Whether this 
is also the case on soils already containing relatively large amounts 
of copper (clay soils) will be tested in the coming season. The author 
is not aware whether the farmers' observation that K-deficient 
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Noordeling potatoes grown on clay soils are more prone to blacken 
after bruising than tubers from sandy and peat soils, has anything 
to do with the copper supply. I t is a well-known fact, however, that 
plants grown on clay soils contain considerably more copper than 
those from sandy or peat soils. The experiments on the effect of 
copper are being continued. 

As to the effect of iron the following may be stated. As will be 
discussed below, iron is an important factor in the blackening of 

- potatoes after boiling. It reacts with o-dihydric phenols to give dark 
blue-green pigments. Since these o-diphenols are also present in 
unboiled tubers, the question arises whether in raw tubers too the 
formation of Fe-compounds may be responsible for the blackening 
after bruising. In the present experiments such pigments were 
absent from the blackened potassium-deficient tubers as could easily 
be determined by treatment with acetic acid : melanin is resistent to 
such treatment, but the Fe-pigments are attacked and disappear. 

When FeCl3 was added to a potato extract supplied with 1-tyro-
sine a much more rapid blackening occurred than when no Fe was 
added. Apparently dopa, or a later stage oxidation product reacted 
with the ferric ions to give a black pigment. The author therefore will 
not exclude the possibility that on soils extremely rich in available 
iron, Fe-compounds of o-dihydric phenols may be partly responsible 
for the black colour of bruised tuber areas. Investigations into this 
possibility are in progress in the author's laboratory. 

Blackening after cooking. Although melanin formation may cause 
blue-black discolorations in cooked potatoes, this occurs only where 
enzymatic oxidation of tyrosine or o-diphenols to red or black oxida
tion products has taken place before cooking. No melanin is'formed 
in tissues which are uncoloured before boiling. Although from a 
theoretical point of view it might be thought possible that during ' 
boiling, enzymatic oxidation of o-dihydric phenol to red pigments 
would take place, no such conversion was observed in K-deficient 
Noordeling tubers, apparently because of a lack of oxygen in the 
tissues. Since K-deficient tubers, after being boiled and exposed to 
the air, showed a bluish-green pigment, particularly at their stem 
ends and in the layer beneath the periderm, it must be assumed that 
this discoloration is due to some chemical reaction proceeding during 
or after the boiling. In agreement with the view advanced by J u u l 
it is believed that this reaction involves the formation of the ferrous 
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compound of an o-dihydric phenol, which becomes oxidized to the 
corresponding ferric compound upon exposure to the air. This con
clusion rests on the fact that the green-blue colour developed mainly 
in those layers which contained most o-diphenol. Moreover treat
ment of cooked tuber slices with a 1 per cent FeS0 4 solution resulted 
in the formation of a much deeper bluish-green colour in these 
tissues, while if the slices were soaked first in an o-diphenol solution 
and then in a 1 per cent FeS0 4 solution the whole surface turned 
deep blue-green. 

Treatment of slices from normal tubers, either before or after 
cooking, with a solution of an o-dihydric phenol caused no discolora
tion after exposure to the air. Since no difference was found between 
K-deficient and normal tubers, in content of iron soluble in dilute 
acetic acid, it must be concluded that the Fe-compound of o-dihydric 
phenols is produced more readily in the former than in the latter. 
This agrees with the observation of J u u 112) who believes that the 
pH of the tuber tissue determines the degree of discoloration. In the 
author's experiments, however, the difference in pH between normal 
and-K-deficient tubers was so small that it cannot account for the 
difference in discoloration. Since treatment with citrate diminished 
considerably the degree of discoloration of cooked K-deficient 
tubers, it is believed that owing to the low content of citric acid in 
these tubers the iron reacts more easly than it does in normal tubers 
which according to J u u 1 contain much more citric acid. 

In the K-deficient tubers investigated by the author the Fe-colour 
which developed after cooking, was much weaker than the blue-
black due to melanin. I t could be clearly distinguished from the 
latter by its greenish-blue shade. As opposed to the behaviour of 
the melanin colour, it disappeared upon treatment with acetic acid. 

Summary 

I t is shown that the bluish-black discolorations found in raw potassium-
deficient potato tubers are due to the enzymatic oxidation of tyrosine and 
o-dihydric phenols to melanin. Two factors are responsible for the extreme 
tendency of potassium-deficient tubers to blacken viz. the high content of 
free tyrosine and the liability of the cells to sustain injury. Owing to the 
operation of the latter factor tyrosine and o-dihydric phenols become 
subjected to tyrosinase activity and in consequence an irreversible oxida
tion to the bluish-black melanin takes place. Although o-dihydric phenols 
are converted by tyrosinase more readily than is tyrosine, the degree of 
blackening ultimately reached is the same with both compounds. 
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The blackening of potato tubers after cooking is shown to be due to 
melanin only in those cases in which black or red oxidation products of 
tyrosine or o-diphenols were formed before the boiling. Potassium-deficient 
tissues uncoloured before cooking, although very liable to bruise and high in 
tyrosine did not give rise to melanin formation either during or after 
cooking. The bluish-green pigment which developed in such tissues after 
cooking and exposure to the air, was found to be due to the oxidation of a 
ferrous compound of o-dihydric phenols, to the corresponding ferric com
pound. Tissues extremely rich in o-diphenols (peel, stem ends of potatoes 
as opposed to bud ends, K-deficient tubers in comparison with those sup
plied normally with potassium) discoloured to a much greater degree after 
cooking than those low in these compounds. No difference was found 
between K-deficient and normal tubers in content of iron, soluble in dilute 
acetic acid. In the former the iron reacted with o-dihydric phenols more 
readily than in the latter, probably owing to a lower content of citric acid. 

An extensive study was made of the occurrence of free tyrosine in potato 
tubers having differing supplies of either potassium, nitrogen, phosphate, 
magnesium or copper. Potassium deficiency brought about a very high 
content of this amino acid. Magnesium deficiency gave a similar but much 
smaller increase. High diessings of nitrogen enhanced the tyrosine content 
only in those cases in which the K-supply was moderate, indicating that 
the effect of nitrogen is indirect. Copper-deficient tubers were slightly 
higher in tyrosine than those supplied normally with this trace element. 

Stem halves of potato tubers contained about 20-40% more free tyrosine 
than bud halves. 

Different varieties of potato showed different rates of blackening. This 
was found to be due to variation in both tyrosine content and the liability 
of the tissues to bruise. 

The tj^rosine content of the protein in potato tubers was found to be 
independent of the mineral nutrition of the plants. 

No differential release of tyrosine from the protein of potassium-deficient 
and normal potatoes was found either upon treatment with dilute NaOH or 
upon proteolysis. / 

Free tyrosine and o-dihydric phenols were both found to be distributed 
unevenly within potato tubers. The content of tyrosine was highest in the 
interior parts of the tubers, but that of o-dihydric phenols was very low in 
these tissues and high in the exterior layers. 

The tyrosinase activity of potato tissues was shown to be independent of 
the potassium, phosphate and magnesium nutrition of the plants. Nitrogen-
deficient tubers had a somewhat lower tyrosinase activity, probably owing 
to the much lower protein content. 

Potatoes grown on soils poor in copper showed a tyrosinase activity less 
than one tenth of that of tubers supplied normally with this element. As a 
result of the low tyrosinase activity, blackening of bruised tubers deficient 
in both potassium and copper was slight in comparison with those deficient 
jn potassium but supplied normally with copper. 

Received J une 21, 1949. 
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