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Abstract-In plants serotonin (5-hydroxytryptamine) may function as a hormone and as a protective agent 
against predation. A role for serotonin as a secondary plant product involved in ammonia detoxification in 
seeds of walnuts (J~g/ans regia) is now also proposed. Serotonin is formed from tryptophan synthesized via 
the constitutive enzymes of the shikimate pathway localized in the plastids, and is stored in protein bodies 
developed in the cotyledons during maturation. By the accumulation of serotonin in these protein bodies, the 
seeds, which have no vacuoles for storage or excretion of hydrophilic secondary plant products, are able to 
detoxify ammonia by the synthesis of serotonin. 

INTRODUCTION 

Serotonin is a we11 known biogenic monoamine in 
vertebrates. It is also synthesized in plants where it 
occurs in a wide range of families [l]. Other secon- 
dary plant products have evolved due to a selectional 
advantage [2] but unfortunately in the case of sero- 
tonin little is known about its function in plants. 

In its possession of auxin-like activity [3] serotonin 
may be a plant growth hormone. However the ac- 
cumulation of serotonin in the plant greatly exceeds 
the level needed for this hormonal function. Most of 
the accumulated serotonin is assumed to be localized 
in the vacuoles [4], which serve as storage or 
excretion compartments of various hydrophilic 
secondary products in plant cells [5]. 

Serotonin has also been reported $0 be one of the 
physiologically active compounds of the poison ac- 
cumulated in the stinging nettle of Urtica dioica [6,7] 
and trichomes which are found on the pods of 
Mucuna pruriens [8]. In this way serotonin may have 
a protective role, like tannins f9] or alkaloids [lo] 
which are synthesized by plants to provide protection 
against predation. However since serotonin also 
occurs in fruits or seeds, e.g. pineapple [l 11, bananas 
[ 121, tomatoes [ 131, and walnuts [ 141, which are edible 
to man and digestible to vertebrates, this would sug- 
gest a function beside that protective role. 

In walnut seeds serotonin is accumulated mainly 
during the period after abscission of the fruits [15]. 
During this period no exchange of precursors or end 
products with the whole plant occurs. Therefore 
these seeds are very suitable for the study of the 
biosynthesis, regulation, and function of a compound 
like serotonin. 

During maturation a so-called trophophase-idio- 
phase development takes place in the seeds, which is 
characteristic of many microbial cultures 116-201 and 
which has also been reported for higher plants with 

respect to the formation and ripening of pollen grains 
[21-241. 

In walnut seeds the phase of cell division and 
growth [25,26] is followed by a phase of differen- 
tiation, when the cotyledons become storage organs. 
The cells of the cotyledons lose their vacuoles and 
protein bodies along with lipid bodies are developed 
1271. At this time the synthesis of serotonin begins, an 
event which can be followed in the isolated coty- 
ledons. AIso to be noted is that the synthesis of 
serotonin is stimulated by exogenous tryptophan, the 
precursor of serotonin 1151. Changes in the content of 
lipid, protein and amino acids after abscission suggest 
that proteolysis takes place during this period and 
that the synthesis and accumulation of serotonin 
serves for the detoxification of ammonia derived 
from deamination of amino acids. The conditions for 
this special form of metabolic excretion are realized 
in walnut seeds. 

ENZYMES OF TRYPTOPHAN AND 

SEROTONIN METABOLISM 

Cell free extracts from walnut seeds contain levels 
of glutamine synthetase with I(,(NH;) = 6.8 x lo-’ M 
and K,(glutamate) = 2.7 X 10e3M [28] comparable with 
the rC, of the glutamine synthetase from peas 
[29,30]. Walnut seeds contain glutamate at ca 6 mM 
[15] and therefore they are able to assimilate low 
concentrations of ammonia by the synthesis of glu- 
tamine. 

Normally glutamine itself acts as a sink for assimilat- 
ed ammonia [31] transported to the vacuoles to prevent 
inhibition of glutamine synthesis by the end product. 
In plant cells like those of walnut seeds lacking 
vacuoles for storage of glutamine, the equilibrium of 
the glutamine synthetase reaction results in a con- 
comitant increase of glutamine and glutamate, as well 
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as ammonia. Walnut seeds therefore appear to be 
unable to accumulate large amounts of glutamine. 
Thus the concentration of glutamine is five times 
lower than that observed in the leaves [32]. It is there- 
fore postulated that serotonin is synthesized as a 
second compound for ammonia detoxification. In this 
way glutamine is first utilized in the anthranilate syn- 
thetase reaction with the formation of tryptophan by 
the five constitutive enzymes of the shikimate path- 
way (anthraniIate synthetase to tryptophan syn- 
thetase) already available in young seeds [28,33]. 
Tryptophan is then transformed to serotonin [15]. 
One of the two enzymes needed for this trans- 
formation is an aromatic amino acid decarboxylase 
which shows activity first in the later stage of seed 
maturation and is seen therefore to be an adaptive 
enzyme [34]. The substrate specifity of this enzyme, 
which is similar to that of the tryptophan decar- 
boxylase from tomato shoots [3.5], and the stimulation 
of serotonin accumulation by exogenous tryptamine 
[GroBe, W., unpublished], indicate the role of tryp- 
tamine as an intermediate. These results show 
similarities to the accumulation of bufotenine in seeds 
of ~ipfudenja ~ere~rinu [36]. 

REGULATION OF SEROTONIN SYNTHESIS 

In contrast to the enzymes of the shikimate path- 
way, aromatic amino acid decarboxylase is an adap- 
tive enzyme extractable from walnut seeds at the 
time when serotonin becomes detectable [34] and the 
adult cotyledons take on the function of storage 
organs 1271. These results exclude the accumulation 
of serotonin by a blocked tryptophan dissimilation 
pathway, but indicate the formation of a new biosyn- 
thetic pathway for serotonin synthesis in maturing 
seeds. It is of interest that isopycnic centrifugation on 
RbCl density gradients of this enzyme extracted from 
H,O and D,O treated cotyledons respectively 
demonstrates de nouo synthesis of the decarboxylase 
1371. 

COMPARTMENTATION 

The use of membranes in the spatial organization 
of a biosynthetic pathway to separate enzymes from 
inhibitory or toxic end products is a common prin- 
ciple in the metabolism of secondary plant products 
[5]. Metabolism of serotonin is a good example of the 
necessity for the compartmentation of the biosyn- 
thesis of monoamines. 

Feedback inhibition of the anthranilate synthetase 
From tobacco and carrot cell cultures 1381, as well 

as walnut seeds in vitro [28] we know that tryptophan 
affects anthranilate synthetase by feedback inhibition. 
Plant cells seem to be unable to accumulate tryp- 
tophan by compartmentation except in the case of the 
excretion into the laticifers of Euphorbia polychroma 
[39]. Therefore tryptophan inhibits its further syn- 
thesis and is useless for ammonia detoxification and 
metabolic excretion. On the other hand S-hydroxy- 
tryptophan, tryptamine, and serotonin are more use- 
ful in this respect, reaching the same strength of 
inhibition of the anth~niIate synthetase in concen- 
trations respectively 10 [ZS], 250 [Groge, W., unpub- 
lished] and 1000 times [28] higher than that reached 
by tryptophan. 

Localization of the biosynthetic enzymes 
At a high concentration serotonin becomes in- 

hibitory for anthranilate synthetase [28]. In order to 
detoxify large quantities of ammonia the tryptophan 
synthesizing enzymes and the serotonin must be spa- 
tially separated in different compartments. As shown 
by density gradient centrifugation the five enzymes, 
anthranilate synthetase to tryptophan synthetase, 
concerned with the shikimate pathway are localized 
in the proplastids of walnut seeds [ZS]. With respect 
to the localization of these enzymes in etioplasts from 
etiolated pea seedlings [40,41] plastids are also seen 
to be able to synthesize tryptophan. 

The localization of shikimate dehydrogenase in 
plastids of roots and shoots of pea seedlings [42] 
along with the 14C incorporation from 14COZ, [l- 
Ylphosphoenolpyruvate, or [ 1 ,6-‘4C]shikimate into 
aromatic amino acids following incubation of isolated 
intact spinach chloroplasts in the light 143-451, 
demonstrate that the complete shikimate pathway is 
operating in the plastids. Glutamine synthetase, like 
that found in pea roots 2461, may also be localized 
partially in the proplastids of walnut seeds. Therefore 
that part of ammonia detoxification, leading from 
ammonia assimilation to tryptophan biosynthesis, 
may take place in the plastids. 

Localization of serotonin accumulation 
Due to their loss during maturation of the seeds, 

vacuoles are not available for storage of hydrophilic 
serotonin, the end product of the ammonia 
detoxification reaction in walnut seeds 1271. Histo- 
chemical analysis by the F&k-Hillarp method 
[47,48] and non-aqueous density gradient centrifuga- 
tion demonstrate the localization of serotonin in pro- 
tein bodies [27]. In this way serotonin is separated 
from the anthranilate synthetase reaction, the reac- 
tion that controls flux through the biosynthetic path- 
way leading to tryptophan. On a higher level, sero- 
tonin did not inhibit its further synthesis and could 
accumulate as an ammonia detoxification product. 

CONCLUSIONS 

In walnut seeds the accumulation of serotonin ser- 
ves for ammonia detoxification during maturation and 
the abscission of the fruits from the tree. 

As shown by the accompanying scheme, ammonia 
is assimilated by glutamine synthetase (I). After the 
loss of vacuoles the seeds are unable to accumulate 
glutamine. Therefore the glutamine is utilized for the 
synthesis of tryptophan by the constitutive enzymes 
of the shikimate pathway: anthranilate synthetase 
(II), anthranilate phosphoribosyltransferase (III), N- 
(S-phosphoribosyl) anthranilate isomerase (IV), in- 
dole 3-glycerol-phosphate synthase (V), and tryp- 
tophan synthetase (VI). all of which are localized in 
the plastids. In order to avoid serious feedback in- 
hibition of the anthranilate synthetase reaction, tryp- 
tophan is transformed to the less inhibitory serotonin. 
The adaptive aromatic amino acid decarboxylase 
(VII), in company with a hydroxylase (VIII) needed 
for the formation of serotonin, is synthesized de nouo 
at the onset of serotonin synthesis. Finally serotonin 
is withdrawn from the reaction by its deposition in 
the protein bodies. 

It therefore appears that those seeds which have no 
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vacuoles for storage of hydrophilic secondary plant 
products, become able to accumulate serotonin as an 
ammonia-detoxification product. 
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