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PROLOGUE 

This issue of the Department of Plant Physiology 
and Plant Biochemistry University of Tartu is dedicated 
to Professor HEI'GO MIIDLA on the occasion of his 
7Oth birthday. His former students and research asso­
ciates , together with some of his closer colleagues, 
have contributed papers written under his supervision 
to express their respect and gratitude. 

His pupils respect his astonishingly broad know­
ledge not only in different fields of plant physiology, 
plant growing and horticulture, but also in cultural 
life, and admire his fairminded and liberal attitude, 
to his students and co-workers. Especially thankful 
are Estonian .plant physiologist to prof. H. Miidla for 
writing an original textbook on Plant Physiology (Tal­
linn, 1984, for students of higher educational esta­
blishments ) . 

His former and present students, research asso­
ciates and close colleagues wish prof. HEIGO MIIDLA a 
HAPPY BIRTHDAY, and further good health and prosperi­
ty for the coming years. 
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nism of lodging resistance in cereals (wheat). 
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PREFACE 

It is widely known that main mineral nutrients 
(N,P,K) have a great influence on the primary metabo­
lism of plants. Nitrogen is of extreme importance for 
plants because it is a constituent of proteins, nucleic 
acids, and many other important substances. It does 
not, however, appear to have any specific catalytic or 
electrochemical roles apart from the fact that it is 
structurally involved in most catalytic molecules. 

Plants respond to a high or low nitrogen supply 
in a variety of ways. Overabundant nitrogen often cau­
ses a great proliferation of stalks and leaves but a 
reduction in fruit crop of plants. A slightly reduced 
nitrogen supply (but not a critical shortage), in re­
lation to a potassium and phosphorous supply, usually 
results in the most effective seed and fruit produc­
tion of agricultural crops. 

Phosphorus, like nitrogen, is an extremely im­
portant structural part of a number of compounds, no­
tably of nucleic acids and phospholipids. In addition, 
phosphorus plays an indispensable part in energy meta­
bolism, the high energy of hydrolysis of pyrophosphate 
and various organic phosphate bonds being used to drive 
chemical reactions. 

Phosphorus deficiency affects all aspects of plant 
metabolism. Phosphorus deficient plants develop slowly 
and are often stunted in growth. Soluble carbohydrates 
may accumulate in phosphorus deficient plants. One of 
the characteristics of phosphorus deficiency is a 
striking increase in the activity of the enzyme phos­
phatase. This may be related to the mobilization and 
reuse of the available phosphate that take place under 
these conditions. 

Potassium seems to have no structural role in 
plants but it fulfils a number of catalytic roles. 
These are mostly not clearly defined, and the exact 
nature of much of the large potassium requirement is 
unknown. Many enzymes , for example several involved in 
protein synthesis, do not act efficiently in the ab­
sence of potassium, although it does not seem to bind 
to them in the usual way. I-t may affect protein con­
formation causing exposure of active sites. 

Potassium deficiency is often manifested by ro­
sette or bushy habit of growth. Other consequences are 
the reduction in stalk growth, weakening of the stalk, 
and lowered resistance to pathogens, so that potassium 
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deficient plants , о especially -cereals lodge easily 
(are knocked down by weather) and are susceptible to 
diseases. Because of^the _reduction in protein synthesis 
and impairment of respiration, low-molecular-weight 
compounds such as amino acids and sugars tend to accu­
mulate to unusually .high levels, in potassium deficient 
plants while the content of proteins and polysaccha­
rides is reduced. 

But the influence of the abovementioned mineral 
elements on, and their interaction with the secondary 
metabolism of plants have recieved relatively little 
attention. The little information available on this 
subject in literature is controversial. 

The articles mentioned below led us to the hypo­
thesis that exogenous, mineral nutrients (N, P, K) might 
influence the metabolism of phenolpropanoids in wheat 
plants and especially in their cell walls» It is a 
well-known fact that grasses lodge on account of high 
doses of nitrogen nutrients and, therefore, the crop 
harvest decreases by about 40 4. Lodging is the result 
of several factors interacting in a complex and intri­
cate manner. Plants may lodge because of a disease and 
insect damage, of low mechanical stalk strength, or of 
the interrelationship of these and other factors. The 
low mechanical stalk strength may be associated with 
high yield levels, poor cultural practices , early ma­
turity, unfavourable weather conditions, inherent weak­
nesses, _or an improper nutrient balance. It is suggest­
ed that lodging in cereals might not be dependent on 
physical attributes alone, and that the chemical nature 
of stem constituents could be of importance in deter­
mining variational behavior and treatment responses. 
The intensive lignification of cell walls has been 
suggested to be one component of lodging-resistance 
mechanism in plants. The lignin content and composition 
in plants can be manipulated by different methods. The 
activation of phenolic biosynthesis involving the in­
duction of PAL and other enzymes of the phenylpropanoid 
pathway leads to the formation of polymeric phenolic 
compounds. One of the terminal enzymes catalyzing oxi­
dative condensation is peroxidase. 

Our previous papers have shown that hydroxy cinnam-
ic acids, particularly p-coumaric and ferulic acids, 
are generally found to be esters rather than free 
acids which are released on alkaline hydrolysis in the 
ethanol-ineoluble fraction and can be used 1 as pre­
cursors in the biosynthesis of lignin in cell walls. 
Lignin oxidation products with nitrobenzene give Cg -
Ci-aldehydes - "vanillin and syringaldehyde - under 
alkaline conditions. The last compound shows .a level 
of methylation, especially the molar ratio of vanil­
lin/ syringaldehyde. The abovementioned indicators may 
characterize the degree of lignification from the bio­
chemical standpoint. 

The aim of the following papers is tc show the 
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results of scientific experiments carried out in the 
laboratory of plant physiology of the department of 
plant- physiology and plant biochemistry at the Uiriver-
sity of Tartu. The results characterize the physio­
logical and biochemical indicators and the lodging-re­
sistance mechanism in wheat stalks, and show how, with 
different mineral nutrients (N, K) given at different 
times and in different doses, it is possible to regu­
late the processes of lignification in cell walls. The 
authors are sure that it is possible to grow large-
yielding and not lodging-resistant cultivars of cereals 
when the farmers take advantage of the right regime of 
mineral nutrients. The following physiological and bio­
chemical indicators are used to characterize lignifi­
cation: 1. The biosynthesis of lignin in wheat; 2. the 
parameters of growth and development of wheat; 3. the 
contents of ester-linked alkaline phenolic acids; 
4. the content and chemical composition of lignin; 
5. the polymerization process catalyzing enzyme per­
oxidase activity and its isoenzyme composition, and 
6. the activity of PAL. 

Materials and general methods 

Plant material: Spring wheat (TtitiCUfh aestivum L. ) 
cv 'Leningradka' was planted on May 7, 1986 in the 
field of the Estonian Agricultural Academy*: Plots were 3 x 10 m 
in four repetitions. The standard cultural and management 
pratices were followed for planting and control of dis­
eases and insects. Phenological stages were marked 
throughout the study. The plant material was sampled 
from the middle of the plots to avoid the effect of ths 
edges. Samples of stalks and leaves were collected 
after 5 and 10 days from the beginning of the phase of 
stalking. For the structural analysis, the length and 
diameter, and the fresh and dry mass of the stalks, 
area of the fourth and the flag leaves and their fresh 
and dry mass, and the height of 120 plants were 
measured. At the harvest the structural analysis of 
ears was made and the content of protein was de­
termined. For finding the content of phenolic acids 
and lignin, the stalks were fixed at 105 °C and milled. 
Enzynte activities were determined from the material 
frozen in liquid nitrogen. 

Fertilization was carried out in three varieties: 
vär. 1 - Ng0 Pg0 Kg0 kg/ha given on sowing (control), 

var. 2 - like Var. 1 + N^QQ at the beginning of tille­

* Acknowledgements: Our thanks are due do the head of 
the department of agriculture of the Estonian Agri­
cultural Academy prof. H. Vipper and assistant lecturer 
T. Tiidt for their technical help. 
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ring (N plants), var. 3 - like var. 1 + N10Q + KgQ at 

the beginning of tillering + K.nn at the beginning of 
stalking (N, К plants). 

The experiments were organized on the eutric pod-
zoluvisol. The content of moving elements of the 100 g 
of soil was: P - 14...17 mg and К - 23...30 mg and the 
content of humus was 2.1 ... 2.5 %, pH: .in soil was 
about 5. The preliminary crop was barley. 

The results were processed statistically and given 
as arithmetical averages: n = 3 (by biochemical ana­
lyses); n = 50 (by measuring and weighing vegetative organs of 
plants); p = 0.05. The statistical evaluation refers 
to plants of different sets of each treatment. 

Here we confine ourselves mainly to the results 
of the field experiments of the year 1986 as explaining 
the results of all tree years of the experiment (1984. . . 
1986) would make the presentation of data much too 
complicated. It must be mentioned, however, that the 
sowing times of seed were similar in the abovementimed 
years. The greatest dislocations were in the undergoing 
of phenophases depending on the conditions of weather. 
So in the year 1984 the yield' was harvested on August 
28, in 1985 - on-August 30, and in 1986 - on August 13. 

In some articles the data of the experiments in 
the year 1987 have also been used. In .that year the 
growing season was widely divergent - the temperature 
was low, there was little sunshine and especially much 
rainfall. 

H. Miidla 
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BIOCHEMICTRY OF LIGNIN FORMATION 

H. Miidla 

Although secondary products are formed by animals, 
fungi and bacteria, it is estimated that over 80% of 
the known secondary products are formed in higher 
plants. These compounds are secondary in the sense 
that they cannot have an essential role of primary 
life processes of plant cells because :t.hey are not 
present in all plants. The phenolic compounds are one 
group of secondary products which are almost .universally 
present in higher plants. These compounds are aromat­
ic in character and possess one or more phenolic 
hydroxyl groups. 

The pathway of phenolic compounds' biosynthesis 
is affected by a wide range of environmental, hormonal 
and nutritional factors. In some systems phenolic bio­
synthesis is activated by light of various qualities, 
by a range of stress factors such as wounding, in­
fection and low temperature stress, by growth sub­
stances such as ethylene, and, in some cases, by the 
transfer of culture cells into media with low auxin 
content and in the conditions of N, P and К deficiency 
or excess. 

As regards the functions of phenolic compounds, 
the almost universal presence of the phenylpropanoid 
pathway is related largely to the formation of lignin 
which is a significant factor in the mechanical struc­
ture of the aerial parts of terrestrial plants. Phe­
nol! cs protect wounded and infected plants. Many of 
plant pigments are flavonoids and, in the process 
of pollination, give a range of flower colours. 
The colour,"taste and flavour of fruit are affected 
by phenolic compounds. Many phenolic compounds are 
implicated as such allelopathic agents and are phyto-
toxic. 

During the last few decades, our knowledge of 
the secondary plant metabolism has increased greatly. 
Progress has been made in many fields, not only in 
its structural elucidation but also in the under­
standing of biosynthesis, enzymology, compartmental-
ization, regulation and ecological significance of 
natural products: One of the most important cross­
roads of phenylpropanoid metabolism is the metabolism 
of cinnamic acids and their involvement in the forma­
tion of lignin. 

Nearly one and a half century has passed since 
Anselme Payen (SCHULZE, 1865) first used the term 

2* 
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"lignin" in reference to the "incrusting material" 
which he removed from wood by the application of 
acidic and alkaline reagents. 

Lignin demands attention for its sheer quantity 
as about a quarter to a third of most wood is lignin 
and it ranks next to cellulose as the most abundant 
natural product. Lignin constitutes about 20 - 35 % 
of the cell walls of leaf wood or of conifers, the 
other part is composed of cellulose (*v 40 %) and hemi-
celluloses (-v 3 0 I). In the phase of dough ripeness, 
gramiпае (wheat) contain about 20 % lignin. 

Lignification is the incrustation of lignin into 
the fibrous network of cellulose. This process has 
been compared to the formation of reinforced concrete 
because it forms rigid cell walls by combining the 
tensile strength .off; cellulose with the pressure 
strength of lignin. The ability of plants to form 
lignin must have been a decisive factor in the evo­
lution of water to land plants. Only lignified cell 
Walls made it possible to build the rigid .stems of 
woody plants" and trees and the conductive cell 
elements for water transport. FREUDENBERG (1964) has 
shown that lignin is an amorphous, optically inactive 
heteropolymer of substituted cinnamyl alcohols. 

Analytical data, model experiments, biosynthetic 
investigations and recent structural studies of lignin 
with the aid-ofl^C nuclear magnetic responce (NMR) 
spectroscopy have confirmed the structure of lignin. 
Fig. 1 shows the structure of beech lignin as sugges­
ted from degradative studies and l^c-NMR spectroscopy 
(WEISSENBÖCK, 1976). (The scheme consists q£_.2.5 Cg -
units of which 6 can be partially substituted by the 
bracketed dilignolunits. The sheme shows a represent­
ative pattern from about 10-20 times larger "molekule" 
of the beech wood lignin, in which 10 connecting links 
of monomeres are random distributed. The constitution 
is explicable through the oxidative association of 
the mixture from 14 molecules coniferylalcohol, 10 
molecules of sinapalcohol and 1 molecule of p-coumar-
alcohol, where are 59 hydrogenatoms removed and 11 
molecules of water added. This constitutional struc­
ture is suitable for the angiosperms and for the 
coniferlignin too.) 

The residu'es of 4-coumaryl alcohol (1), coniferyl 
alcohol (2) and sinapyl alcohol (3) can be recognized 
in this structure (fig. 2). 

12 
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hoQch=сн ~сн2он 

Structure of lignin monomers 

1. R = R' = H 
2. R = OCH, R' = H 
3. R = R1 = OCH3 

Fig. 2. Structure of lignin monomers 

Coniferin lignin has the same general structure 
but differs from angiosperm lignin by its high content 
of coniferyl units. Grass lignin has a great proportion 
of 4-coumaryl residues. However, this can be ascribed 
to p-coumaric acid esterifiedl with lignin. Therefore it 
is probable that there is very little fundamental dif­
ference between grass and hardwood lignins (NAKAMURA 
et al., 197 4). 

Tracer studies on the biosynthesis of lignin have 
confirmed that cinnamyl alcohols are the primary 
building stones of lignin .C BREDDENBERG > 1 368). The 
present article focuses on recent progress in under­
standing the process of lignification. 

Formation of phenylalanine and tyrosine 

Before the reactions of lignification in plants 
can be carried out, the plants must assimilate carbon 
dioxide and convert it to carbohydrates from which, in 
some way, a- benzene ring is synthesized, then hydr-
oxylated or niethoxylated in appropriate positions , and, 
after that, a three-carbon side-chain is introduced. 
Only then can polymerization to lignins occur. 

DAVIS (1955) has pointed out the key role of 
shikimic acid pathway (fig. 3) in aromatic ring synthe­
sis by bacteria and shown that shikimic acid is a good 
precursor of lignin in several spepies. HIGUCHI and 
SHIMANDA (1967) have demonstrated that the same shikim­
ic route that has so well been documented in bacteria 
also operates in plants. 

Phoshoenolpyruvate and erythrose-4-phosphate con­
dense to form a seven-carbon intermediate (a heptulson-
ic acid phosphate). Cyclization follows and further 
condensations and rearrangements lead to prearomatic 
metabolite prephenic acid. As shown in fig. 3, the 
latter can be decarboxylated (with the formation of an 
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,0 
СООН НС Phosphoenolpyrovate (PEP) + 
C-0-<®+HC-0H erythrose 4-phosphate(E4P) 

CH2 I НС-ОН 

Г СН20-<В) 

2u_ö 3-Deoxy-D-arabino-
/ Y heptulosonate 

HOyüytGOH 7-phosphate 

2\ 
0, 

У \COOH j. dehydroquina te 
нШ/он 

Ji но\Усн~сн-соон \/-сн2-сн-соон 
% Щ 

^СООН 12| Tyrosine /0| Phenylalanine 
НО 

3-dehydroshkimate 
4 

но{Усн2-ссиш }̂сн2-со-соон 
m,COOH p-Hydroxy- Phenylpyruvate 

HCnßti/ phenylpyruvate 
, Shikimate 

1 A 
и с̂оон "иО/щсо-соон 

. Shikimate 3-phosphate . Prephenate 
6 

st 

C00rt H&JC00H 

_ -CW2 5-Enolpyruvylshikimate- C=CH2 Chorismate 
COOH -3-phosphate qqqH 

Fig. 3. Biosynthetic pathways to phenylalanine and tyrosine. 

(1) 3-Deoxy-D-arablno-heptulosonate 7-phosphate synthase, (2) 3-Dehydro-
quinate synthase, (3) Dehydroquinate hydro-lyase, (4) Shikimate dehydro­
genase, (5) Shikimate kinase, (6) 5-Enolpyruvylshikimate-3-phosphate syn­
thase, (7) Chorismate synthase, (8) Chorismate mutase, (9) Prephenate de­
hydratase, (10) Phenylalanine amino transferase, (11) Prephenate dehydro­
genase, (12) Tyrosine aminotransferase. 
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aromatic compound) by two different routes, only one of 
them involving the retention of the ring hydroxy1. 
Thus, pheiiylpyruvic acid and its 4-hydroxy derivative 
are the first fully aromatic compo.uilds formed from 
shikimic acid. They are readily trans_aminated by plant 
aminotransferases to -phenylalanine and tyrosine re­
spectively. 

The general phenylpropanoid metabolism 

The general phenylpropanoid pathway is defined as 
the sequence gs£ _rgactions involved in the conversion 
of L-phesngjflalÄ^nine ts activated cinnamic acids (fig. 4). 

HfO 

Proteins L-Phenylatanine 

COOH 
I 

CH 
II 
CH 

OH 
OCH^ HXO '3 "3V 

NH3 

COOH 
CH 
II 
CH 

Cinnamic 
acid 

Sinapi'c 
acid 

FeruLic 
acid 

Caffeic 
acid 

p-Coumaric 
acid 

Fig. 4. 1 - Phenylalaline ammonia lyase (PAL) , 
2 - Cinnamic acid 4-hydroxylase, 
3 - p-coumaric acid 3-hydroxylase, 
4 - catechol O-methyltransferase, 
5 - ferulic acid S^hydrxylase. 

These activated acids can then enter different biosyn-
thetic pathways leading not only to lignin but also 
to flavonoids, stilbenses, benzoic acids and other 
compounds. The reaction sequence shown in fig. 3 does 
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not imply that only one set of enzymes is present in a 
particular plant. Parallel pathways could occur ini 
different cell compartments and metabolic channelling 
would be possible in the presence of multienzyme com­
plexes or isoenzymes (GRISEBACH, 1977). 

The first enzyme of this pathway is phenylalanine 
ammonialyase - EC 4.3.1.5 (1) - which catalyzes the 
trans elimination of ammonia from /."-phenylalanine to 
frans-cinnamic acid. KOUKOL and CONN (1961) were the 
first to show this reaction. At about the same time, 
NEISH (1961) established the presence in grasses of an 
analogous enzyme, tyrosine ammonia-lyase deaminating 
tyrosine-to ',o-hydroxycinnamic (p-coumaric) acid. Later 
BROWN (1969) showed that the efficient utilization of 
tyrosine for lignin formation in grasses was two times 
smaller than that of phenylalanine. Cinnamic acid is 
then converted by a sequence of hydroxylation and me-
thylation reactions to a number of substituted acids 
that can be activated to the corresponding coenzyme- A 
esters..Hydroxylation is mediated by cinnamic acid 4-
hydroxylas'e - EC 1.14.13.11 (2). 

Further, 4-coumaric acid can be hydroxylated by 
the action of p-coumaric acid 3-hydroxylase - EC 
6.2.1.12 C3) followed by the methylation of the 3-
hydroxyl group to ferulic acid. The reaction is cata­
lyzed by catechol 0-methyltransferase - EC 2.1.1 (4) -
with S-adenosylmethionine as methyl donor. It is prob­
able that ferulic acid-5-hydroxylase - EC. 2.1.1.6 (5) 
or O-methyltransferase catalyze the methylation of 
ferulic acid to sinapic acid. 

By now, the ferulic 5-hydroxylase has been char­
acterized as a cytochrome P-450-dependent microsomal 
enzyme (GRAND, 1984). 

Formation of cinnomoyl-CoA esters and their 

reduction to cinnamyl alcohols 

The final step in the general phenylpropanoid me­
tabolism is the activation of cinnamic acids to form 
coenzyme A thioesters according to the following 
equation: 

Cinnamic acid + CoASH + ATP = cinnamoyl CoA + AMP + 
+ PP1 

The activation of cinnamic acid is catalyzed by 
4-coumaroyl - CoA synthase (4-coumaric acid: CoAligase). 
Two isoenzymes with different substrate specificities 
are present. It is postulated that synthase one belongs 
to the lignin and synthase two to the flavonoid pathway; 
The best substrates with the highest V/K ratios for 
synthase 1 are 4-coumaric, ferulic and sinapic acids. 

HANSELL et ai. (1972) obtained the reduction of 
ferulic acid to coniferyl alcohol via eoniferaldehyde, 
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and described the formation of coenzyme-A-eeters of 
cinnamic acids in a cell-free system from higher plants. 
It was shown that the reduction requires two enzymes, 
(cinnamoyl-CoA reductase EC 1.1.1 and cinnamyl alcohol 
dehydrogenase EC 1.1.2), fig. 5. 

Fig. 5. Reduction of cinnamoyl-CoA ester to cinnamyl alcohol via 
the aldehyde 
1 - Cinnamoyl-CoA: NADPH oxydoreductase, 
2 - Cinnamyl alcohol dehydrogenase. 

The best substrate for both enzymes is feryloyl-
CoA. 4-Coumaroyl-CoA and sinapoyl-CoA can also be re­
duced efficiently beside some other cinnamoyl-CoA 
esters. The enzymes are specific for NADPH as a co-
factor and transfer the hydrogen atom of NADPH to 
cinnamoyl-CoA. 

Two isoenzymes with quite different substrate 
specificities were isolated from soybean cell cultures. 
While isoenzyme 1 can only reduce coniferaldehyde to 
conyferyl alcohol.(or oxidize coniferyl alcohol), iso­
enzyme 2 is specific for the reduction of a number of 
cinnamaldehydes including 4-coumaraldehyde, conifer-
aldehyde, and sinapaldehyde (GRISEBACH, 1977). 

Polymerization of cinnamyl alcohols to lignin 

FREUDENBERG and SCHLÜTER (1955) showed that coni­
feryl alcohol is enzymically dehydrogenated by per­
oxidase (EC 1.11.1.7) in the position of p-hydroxyl 
forming the free radical of coniferyl alcohol (fig. 6). 
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HJCOH н.сон 

7?' \гОСНз н2рн OCH 
ОН peroxidase О НС 
Г 2 НС 

НХОН 

о, 7Г ОСИ, 
О 

Fig. 6. Formation of mesomeric-free radical of coniferyl alcohol 

1 - Coniferyl alcohol 
2 - Free radical of dehydrogenated coniferyl alcohol 
3 - Quinone methide. 

A free radical mechanism has been suggested for 
the formation of these condensation products. The 
central intermediate in the formation of coniferyl-
type polymers is a quinone methide (fig. 6) where one 
ring is again aromatic. Now a third molecule, water, 
enters the picture. A hydroxy1 ion of water nucleo-
phillically attacks the carbon adjacent to the quinone 
methide ring introducing a hydroxy1 substitute in that 
position and causing aromatizatiоn of the ring. Oxida­
tion of coniferyl alcohol is an enzyme-catalyzed pro­
cess but once the radicals have been formed their 
coupling is believed to be spontaneous and to require 
no enzyme mediation. There are numerous possibilities 
for the formation of branched structures during poly­
merization, and lignin is indeed regarded as a branched 
polymer in which the aldehydes or the alcohols coni­
feryl, p-hydroxycinnamyl and sinapyl can polymerize 
"head" and "tail" positions (fig. 1). Although laccase 
is known to occur in some higher plants, it does not 
appear to be widely distributed. A better candidate for 
the job is peroxidase which, acting in conjunction with 
hydroperoxide, is known to occur widely in the plant 
kingdom (GASPAR, 1985). 

MÄDER et al. (1980) have detected three groups of 
peroxidase isoenzymes in tobacco. One group has been found 
to be localized only in cell walls yielding maximal 
polymerization ratžs for coniferyl and p-cour.aryl al­
cohols. Two other isonezyme groups have been found to 
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be localized in protoplasts showing lower rates. MIID­
LA et al. (1987 ) have shown that old and already 
lignifned internodes which have stopped growing are. 
characterized by the high activity of anodic peroxi­
dases and do not react to the mechanical stimulus. The 
activity of all types of peroxidases increases • hasipetally 
along with the growth cessation and lignification of 
internodes. 

Bound intermediates in lignification 

It is well known that hydroxycinnamic acids such 
as p-coumario, caffeic., ferulic and sinapic acids are 
widely distributed in vascular plants where they are 
generally found as esters rather than as free acids. 
Already EL-BASYOUNI (1964) , BARDINS KAYA (1964) and 
MIIDLA (1970) showed that insoluble esters may be more 
directly involved than soluble esters in lignin bio­
synthesis. The cellwall bound cinnamic acid moieties 
may act as free-radical initiation sites for the oxi­
dative polymerization of cinnamyl units into lignin 
(FRY, 1982). 

Our experiments (see p. 37) show that the content 
of bound ferulic and p-coumaric'acids, as precursors 
of lignin, increases in the first internode of wheat 
stalk parallel with the activity of PAL in the growing 
season up to the cessation of growth and then begins 
to decrease. 

We suggest, and the same results have been obtained 
by several other investigators (FUKUDA, KOMAMINE, 1982 ; 
MILLER et al. , 1985 ; STRACK et al. , 1987), that the 
initial increase in the bound hydroxycinnamic acids 
was due to the synthesis of. Cg - Cg lignin precursors, 
while the subsequent decrease in phenolics was due 
to their polymerization when the level of PAL is at 
its minimum. These data are contrary to the results 
obtained by GLASS and BÖHM (1972) who estimated PAL's 
maximum in wheat to be within 10 days of germination, 
at the time when lignification was at its minimum and, 
therefore, it is difficult to imagine how this enzyme 
could function in a regulatory capacity. But we must 
not forget that, cinnamic acids are one of the most im­
portant crossroads of phenylpropanoid metabolism and 
are involved in the formation of lignins, flavonoids, 
coumarins and other kinds of compounds. The key enzyme 
in this pathway is PAL. 

Regulation of lignification 

The conversion of phenylalanine to cinnamic acid 
is the entry point into phenylpropanoid metabolism. 
Since phenylalanine is also an essential amino acid 
for protein biosynthesis, it can be expected that the 
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enzyme phenylalanine ammonia-lyase is under regulatory 
control. Numerous internal factors, e.g. substrates, 
products, light, mineral nutrients, hormones can affect 
the synthesis or activity of this enzyme. But CUNHA 
(19 87) shows that standard methods for the determina­
tion of PAL activity lead to measuring the activities 
of L-phenylalanine ammonia lyase (PAL, EC 4.3.1.5) and 
of Z.-phenylalanine amino-transferase (PAT, EC 2.6.1.1) 
together. The ratio of PAL to PAT activity is found to 
be 1:9. The incorporation of L-phenylalanine into t-
cinnamic acid is little when compared with that of L-
phenylalanine into Z.-phenyl pyruvic acid and, therefore, 
the results concerning PAL activities are non-linear 
with respect to time and protein concentration. The 
author suggests estimating PAL activity alone. To do so, 
a specific inhibitor of PAT activity - L-asparatic acid 
- must be used to inhibit PAT. 

The activation of cinnamic acids is another po­
tential control point. The regulative enzyme here is 
cinnamic acid CoA ligase. 

The regulation of the reduction of cinnamoyl-CoA 
esters to cinnamoyl alcohols through the activity of 

. cinnamoyl-CoA reductases is yet the third control point. 
To alter the structure of lignin, the process of 

methylation can be regulated by the activation of O-
methyltrans feras e. 

STAFFORD (1981) has discussed the possible role 
of multienzyme complexes in lignin biosynthesis. 

For the regulation of lignification, it is also 
important that the enzymes involved in the biosynthesis 
of lignin precursors are tissue-specific and predomi­
nantly or exclusively located in the xylem in which 
lignification occurs. Xylem tissue seems, therefore, 
to be autonomous for lignin biosynthesis. 

The transport of lignin precursors into the extra-
plasmatic space remains an open question. It is prob­
able that it is mediated by vesicles (GROSS, 197 9). 
There is a correlation between lignification and the 
formation of the secondary wall. 
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MORPHO-PHYSIOLOGICAL PARAMETERS OF LODGING 

IN SPRING WHEAT PLANTS 

H. Miidla, E. Padu, К. Praakli, A. Tänav 

Introduction 

The growth and development of plants is an excel­
lent coordination of numerous phenomena at different 
levels, from biophysical and biochemical, to organismal, 
which results in creating a whole organism. 

When the deficit or excess of environmental fac­
tors damages the equilibrium in a culture plant, its 
growth and development do not proceed normally any 
more. One of the possible deviations is the lodging of 
cereals. Therefore it is interesting to know what kind 
of qualities must the stem of a plant or the stalk of 
a cereal have so that they were standing-resistant. 

Lodging may be a result of the low content of dry 
mass per unit length of stalk and a reduced content of 
lignin (BLOMQUIST et al. , 1973 , KÖMAKOV, 1980). 

YAP and HARVEY (1972) obtained significant posi­
tive correlation coefficients between the basal stalk 
diameter, the plant height and the internodes' length 
in barley on lodging. 

ATKINS (1948), PINTHUS (1973), KUPERMAN et al. 
(1973) and LAMAN et al. (1984) have all found that the 
mass per unit length, the total mass of culm, the plant 
height, the diameter of culm near the base of the plant; 
the length of the lower internode, the mass of the head 
and the length of the head are the most important in­
dices for studying the lodging-resistance of cereals. 

PRUSSAKOVA (1975), CHIZHOVA (1978) and LAMAN et 
al. (1984) accentuated the formation of lodging-re­
sistance in the basal zone of cereals in sowing seeds. 
The sowing density is of special importance, for the 
morphogenesis of the basal part of the stalk - the 
length of the lower internode etc. - depend on it. 

There are contradictory opinions as to the impor­
tance of the flag leaves of wheat for its lodging-re­
sistance. FOWLER and RASMUSSON (1969) established that 
cereals with large flag-leaves are not lodging-re­
sistant , for the large flag-leaf prevents • the head 
from receiving maximum light energy for photosynthesis. 
HERZOG (1980) suggested that the effect of the flag 
leaf depends mainly on the longevity of the leaves, and 
so the importance of the flag leaves of wheat during 
the grain filling period and their contribution to the 

2 4  



final yield of crops has been widely assessed. It is 
apparent that grain yield in corn and the metabolism 
of all the plants have a functional relationship to the 
flag leaf area and to the total chlorophyll content 
the ratio of chlorophyll a/ chlorophyll b. 

The main objective of the present morpho-physio-
logical studies has been to see how the different mi­
neral nutrients, given at different times and in dif­
ferent doses , influence the abovementioned morpho-phys-
iological characteristics which might control the 
lodging-resistance of spring wheat plants. 

Materials and methods 

Field experiments were performed with spring wheat 
(see p. 9 ) .1 

For the weighing and measuring of each index, 
samples from 50 stalks and leaves were always used. 
The mass of the stalk internodes, of the leaves , and 
of the grains were determined with an electron-scale 
sensitivity of 0.001 g. The length of stalks was meas­
ured in centimetres , the diämeter of stalks - with a 
micrometer. The flag leaf blade area (cm2) was obtained 
by multiplying the leaf length by the maximum flag leaf 
width, by 0.67 (FLOWER, RASMUSSON, 1969). The chloro­
phyll content was assayed by the method of WINTERMANS 
and DE MOTS (1965). Simple correlation coefficients 
were computed. 

The results were given as arithmetical means and 
processed statistically: n = 50, p = 0 . 0 5 , Д x % = 24.4. 

Results 

Table 1 gives the phenophases and the dates of 
analyses of the control plants in the years 1986 and 
1987 . Comparing the data of the control plants with those 
of N- and NK-plants, we find very few differences , only 
in the length of phenophases. 

But the growing seasons of the two years differed 
in month temperature (15.3 heat units in 1986 and 13.3 
heat units in 1987), and especially in rainfall (92.7 
cm in 1986 and 109.2 cm in 1987). The pattern of rain­
fall was undoubtedly more important than the amount of 
temperature. The summer of 1987 was very rainy and 
therefore the vegetative growth was higher than in 
1986 (tab. 2). Wet weather led to tardy ripening. It 
is therefore not surprising that gene action in the two 
years differed for a number of traits. 

Table 2 shows the morpho-physiological parameters 
for lodging-resistance of the three experimental va­
rieties of mineral nutrients. It is interesting to note 
that the indices that are characteristic of lodging-re-
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sistant plants, such as the diameter of the first 
internode, dry mass and dry mass per unit length 
(mg-cm~l), are high in NK-plants (Var. 3). On the other 
hand, the same plants have also high indicators for 
the height of plants and for the length of internodes, 
which are characteristic of lodging-susceptible plants. 
At the same time, all the reproductive indices of NK-
plants, such as the crop of grain (ts/ha), the mass 
of 1000 grains, the number of grains in the main 
sprout, the number of productive sprouts per plant and 
the protein content of the grain, are maximal (tab. 3). 

The morpho-physiological indices are the lowest 
for N-plants, while the control plants have interme­
diate indices. 

The interrelationship of some characteristics 
measured was determined by means of correlation coef­
ficients as shown in table 4. A study of correlation 
coefficients indicates that many of these character­
istics are associated with one another to some extent 
at least. The dry mass per unit length (mg'cm ) was 
correlated with the total dry mass of culm and the 
diameter of culm and with the length of the first 
internode in control plants (r = 0.53). With other 
characteristics, similar correlations were not found. 

In case of NK-plants, we find almost the same 
correlations but in some instances the coefficients of 
correlation increase, e.g. between the total dry mass 
and the first internode length (r = 0.61) and the first 
internode dry mass mg-cm-^ (r = 0.62). Between the 
first internode diameter and the first internode dry 
mass per unit, a negative correlation is found (r = 
= -0.62). In case of N-plants the value of correlation 
coefficients decreases. 

Dry mass of 
internodes 

mg 
400 . 

300 . 

200 . 

100 . 

12 3 4 5 Number of 
internodes 

Fig. 1, The content of dry mass (mg) in the internodes of stalks in the phase of 
milk ripeness 

I var., K2- II var., I 1- III var. 
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Figure 1 shows the trends of dry mass accumu­
lation in the internodes of stalks.. 

In NK-plants, the flag leaves are about twice as 
great as in control plants (fig. 2) and similar corre­
lation is to be seen in case of chlorophyll a and in 
the ratio of Chi a/ chl b (tab. 5). 

Flag leaf 
area per 

plant cmг 

12 
-• 3 

10 

8 

6 

.x: -• 2 
• 1 

I I I • 

24.06 3006 07.07 14,07 Dates of 
measurement 

Fig. 2. Flag leaf area per plant cm 

1 - I var.£ 2-11 var.; 3 - III var. 
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Table 5 

Content of Chlorophylls in the flag-leaves of spring 

wheat cv 1 Leningradka® in the phase of flowering 

mg-g 1 dry mass (07.07.86) 

Chi a Chi b ZChl Chi a/ Chi b 

Var. I 

5.10 4.10 9.20 1 . 2  

Var. II 

8.21 4. 90 13.11 1.6 

9.08 

Var. Ill 

4.61. 13.69 1.9 

Discussion 

Such morpho-physiological parameters as the dry 
mass per unit length, the dry mass of the stalk and 
the diameter of the first internode are in correlation 
with lodging-resistance. These indicators have the highest 
correlation coefficients (tab. 4). These coefficients 
indicate that the morpho-physiological method may be 
used for estimating the lodging of cereals. Our data 
coincide with the results achieved by ATKINS (1948), 
BLOMQUIST et al. (1973) and KUPERMAN et al. (1977) who 
showed that the abovementioned indices could be useful 
for classifying wheats and soybean lines for lodging-
resistance. Mineral nutrients (N, K) given at different 
times and in different doses to long-stalk wheat pro­
mote the production of the strong straw and increase 
the abovementioned indices, e.g. the diameter of the 
stalk (tab. 2). This trait might result in a greater 
movement of water and nutrients to and from the flag 
leaf and might, in turn, be associated with a slower 
rate of senescence of the flag leaf. In addition, such 
plants ought to be more resistant to lodging. 

NK-plants accumulated 15 % more dry mass than 
control plants and 8 % more than N-plants (fig. 1). 

In the phase of flowering, when the wheat plant 
goes from the vegetative phase to the generative, con­
trol plants accumulate 7.4 % of the total dry mass of 
the plants, N-plants - 7.5 % and NK-plants - 8.4 % 
(fig. 3). The same tendency is noticeable in the phase 
of milk ripeness. Then the dry mass of the first inter­
node constitutes 6.4 % of the total dry mass of the 
stalk in control plants, 6.2 % - in N-plants, and 7.0% 
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Dry mašs 
per plant 

9 

12 

10 

07.06 17.06 27.06 07.07 17.07 28.07Dates of 
...... measurement 

tulering stalking booting flowenng milk phenophases 
ripeness 

Fig. 3. Changes of dry mass of the stalk (all internodes) per plant 

1 - control, 2 - N plants, 3 - N, К plants 4 - 1 Arkas' 
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- in NK-plants (fig. 1). It seems that the deposition 
of dry mass in cell walls is characteristic of the 
lodging-resistant wheat plants. So, according to 
HANWAY and WEBER (1971), KUMAKOV (198.3), and our data, 
lodging may result from .the content of dry mass, 
especially from the content of dry mass per unit 
length of stalk of the first internode (tab. 2). 

But the content of dry mass .per. unit -length ' 
(mg-cm-1) in the second internode, from where the 
cereals often break and what some scientists (KUMAKOV-, 
1986) suggest to use for making the morpho-physio­
logical analysis, did not show any correlation with 
the lodging-resistance of wheat in our experiments 
(tab. 2). It should also be mentioned that the short-
stalk cultivar of wheat 'Arkas' contains less dry 
mass per unit length of stalk in the second internode 
(tab. 2) than the long-stalk cultivar 'Leningradka'. 
From-our point of view the abovementioned character­
istic has significance only within a cultivar and 
for the first (not the second) internode. 

The comparison of fig. 2 and tab. 3 reveals that 
the flag leaf area of spring wheat is closely asso­
ciated with high grain yields. BERDAHL et al. (1972) 
stated that the flag leaf of the large-leaf lines 
produces nearly twice as much photosynthate as the 
flag leaf of the small-leaf lines. They postulated 
that small leaf area favors the development of larger 
numbers of culm while large leaf area favors higher 
kernel mass. 

As regards the relationship of the area of leaves 
with lodging, it seemed that the lärger the area of a 
leaf is the more intensive the' photosynthesis is and 
the more the leaf accumulates organic compounds. From 
those, young plants store, glucosides of phenolic 
alcohols and derivatives of cinnamic acids ..that are 
later converted to coniferyl alcohol, a component of 
lignin. Of course, different mineral nutrients must 
be in definite proportion. According to our experiments, 
the main role here is played by potassium, with ni­
trogen given at different times and in - different 
doses. 

The content of chlorophyll a (tab. 5) fluctuated 
around 5.10 mg.g-id.m. in .control . plants, 8.22 
mg-g~ld.m. in N-plants and 9.08 in KN-plants. Ammonium 
fertilizers stimulate the accumulation of chlorophyll 
b instead of chlorophyll a. The chl a/chl b index in­
creases in plants grown with K, N fertilizers. Similar 
results were obtained in the experiments with 'Lolium 
perenne' carried out by BERGARECHE and SIMON (1986). 

To sum up our results we may say that morpho-
physiological parameters are of importance for deter­
mining the characteristics of lodging. 

Such indices as the total dry mass, the dry mass 
per unit length (mg-cm-!) and the diameter of culm are 
in a positive correlation with lodging. The last-
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mentioned indices with photosynthetic areas of flag 
leaves and with the content of chlorophyll maj:e a 
greater contribution to the yield of grain. 
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METABOLISM OF PHENOLIC ACIDS IN WHEAT PLANTS 

H. Miidla, M. Liinamäe. A. Hellenurme 

Introduction 

It is a well-established fact that hydroxycinrmdc 
acids such as p-coumaric, ferulic, caffeic and sinapic 
acids are widely distributed in vascular plants where 
they are generally found as esters rather than as phe­
nolic glycosides and free acids. EL-BASYOUNI et al. 
Cl964) , TCHIRGIN et al. (1973) and MIIDLA et al. (1975) 
show that relatively large amounts of hydroxycinnamic 
acids, particulary p-coumaric and ferulic acids, are 
released on the alkaline hydrolysis of „the insoluble 
residue remaining from an ethanol extraction of wheat 
stalks. They suggest that these esters are not inert 
storage products but may be active intermediates in 
phenylpropanoid metabolism. HARTLEY and JONES (1977) 
showed that ferulic and p-coumaric acids bound to cell 
walls are lignin precursors. SCALBERT et al. (1985) 
showed that 93 % of p-coumaric acid is alkali label 
and thus linked as ester-bond fraction but ferulic acid 
is more acid label and linked as glycoside-bond one in 
35-7 5 %. The authors point out that parallel increase 
in lignin, in p-coumaric and ferulic acid esters has 
been observed in wheat coleoptile cell wall during the 
cessation of growth between the 5th and 9th days of 
development. These esters establish cross links with 
lignin and in this way restrict growth and contribute 
to the rigidity of the cell wall by a mechanism similar 
to the peroxidase-mediated dimerization. 

Besides light and water, .mineral nutrients de­
termine growth and development of higher plants. In 
the agricultural practice, the mineral nutrition factor 
is manipulated to increase yield and to control the 
quality of crops. Nitrogen, phosphorus, and potassium 
(N, P, K) are quantitatively the most important mineral 
elements. The significance of these nutrients to the 
yield of crops and the underlying physiological proc­
esses on the level of primary metabolism has been in­
tensively studied (CLARKSON and HANSON, 1980). It has 
been found that photosynthesis is strongly influenced 
by the nutrient status, especially the nitrogen level, 
of cereal seedlings (DALE, 1972; OSMAN et al., 1977). 

But there are very few data concerning the effect 
of different mineral nutrients on the secondary meta­
bolism. 

MULDER, (1954) showed that nitrogen reduced the 
amount of lignin in the stem and roots so influencing 
the lodging. 
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PHILLIPS (1971) pointed out a negative connection 
between the high level of nitrogen nutrients -arid the 
synthesis of phenolic compounds in tomato plants. 

MIIDLA (1970), MIIDLA et al. . (1970).. explained 
nitrogen influence on the secondary metabolism in 
apple-tree with the increase in the level of phenyl-1 

alanine. As a result, a competition between the meta­
bolism of phenolic compounds and proteins will occur 
in cells. 

MILLER and ANDERSON (1965) found that phosphorus 
increased the incidence of lodging but failed to sug­
gest a mechanism which might account for this effect. 

MENGEL et al. (1981) 'mentioned that potassium 
strengthened the cell walls of oat, and showed that 
higher К supply resulted in an increased content of 
soluble amino acids in wheat. 

HOJATTI and MALEKI (197 2) . reported that К in­
creased the methionine content in wheat during the 
vegetative growth of spring wheat. L-methionine may be 
a precursor of -0CH3 groups by the process of methyl-
д-cion .in lignin formation. _ 

PENEL (1986) showed that induction with Ca ions 
increased the activity of peroxidase and promoted the 
content of lignin. 

MERVARY (1985) reported that calcium deficiency 
increased the content of phenolic acids in wheat. 

We may conclude that the few data available on the 
effect of mineral nutrients on. the biosynthesis of 
phenolic compounds are contradictory. 

So the aim of the present paper, first and fore­
most , is to show changes in the content of most pre­
vailing Cg - Cg-acids (ferulic and p-coumaric acids) 
as precursors in the biosynthesis of lignin in wheat 
cell walls in the ontogeny of wheat plants. We also 
want to indicate the balance between free, ester and 
glycoside fractions in ethanol soluble and ethanol in­
soluble compounds which release hydroxycinnamic acids 
on alkaline and acid hydrolyses. 

Secondly, from the standpoint of practice, it is 
very important to know how, with different mineral 
nutrients given at different times arid in different 
doses, it is possible to regulate the metabolism of 
hydroxycinnamic acids as precursors of lignin formation 
in wheat. 

Material and method 

In the year 1984, phenolic acids for quantitative 
analyses were determined in wheat plants grown in lysis 
in the Botanical Gardens of the University of Tartu, 
and in 1986,- in plants grown in field experiments of 
mineral nutrients (see p. 9). Wheat seeds Triticum 
aestivum L. cv 'Leningradka' in lysis were planted in a 
composted soil mixture. The plants received no addi­
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tional nutrients. Phenolic acids were established from 
fixed.air-dried and milled material of the leaves and 
of the first internodes of wheat-stalks by paperchro-
:matography (MIIDLA et al, 1975) using an ascending two-
dimensional method: 2 % acetic acid in the first and 
n-butanol, acetic acid, water (4:1: 5 - upper phase) 
in the second direction after spectrophotometrically 
determining their respective absorbance maxima - feru­
lic acid 311 nm and p-coumaric acid 289 run. 

The results were calculated using the following 
formula: 

E.M.d . 
С -1 = ——T where 
Ug-g ..6.1 

-1 
С - concentration Mg-g  dry mass 
E - extinction 
M - molar mass of the determined matter 
d - dilution 
6 - extinction coefficient: ferulic acid - 14.250, p-

coumaric acid - 16.380. 
In the ethanol soluble fraction free acids from 

ethanol extraction and ethanol "soluble esters", acids 
which release on alkaline and "soluble glycosides", 
acids which release on acid hydrolysis were determined. 
In the ethanol insoluble fraction from the residue 
"soluble esters" and "soluble glycosides" were deter­
mined in the same way. 

Results 

Leaves and stalks of spring wheat contain iydraxy-
cinnamic acids: ferulic, p-coumaric and caffeic acids, 
the two first ones being prevalent. Of the derivatives 
of hydroxybenzoic acids wheat contains syringic, p-
hydroxybenzoic and vanillic acids. 

During the period of vegetation, the general 
amount of ferulic acid in wheat leaves is about 4... 5 
times greater than that of p-coumaric acid (tab. 1). 
The content of ferulic acid in the leaves of spring 
wheat is on the average 2 30 9 Mg-g~l dry mass and that 
of p-coumaric acid - 577 Mg- g"-*- dry mass. 

In the ethanol insoluble fraction, 8.03 % of fe­
rulic acid is in glycoside and 37.70 % in esterbond 
forms. In ethanol soluble fraction the percentages are 
10.63 and 38.28 respectively, 5.36 % of ferulic acid 
being in the form of free acid. 

p-Coumaric aci,d is characterized by the following 
percentages: in the ethanol insoluble fraction 17.20 
and 31.20 % respectively, and in the ethanol soluble 
fraction 14.91, 30.11 and 6.58 % respectively. 

Stalks contain different fractions of ferulic and 
p-coumaric acids in almost equal amounts (tab. 2). 

The ratio of ferulic acid to p-coumaric acid is 
higher in leaves (5.25 on the average) - in mesophyll 
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cells - (tab. 1) than in stalks (0,97) - in non-meso-
phyll ones (tab. 1, 2) 

Different mineral nutrients brought about quanti­
tative changes in the content of p-coumaric and ferulic 
acids during the period of vegetation (tab. 3). Signif­
icant (p ̂  0.05) changes are only in the content of 
the ethanol insoluble fractions while the content of 
the other fractions (free and .ethanol soluble) shows 
no noticeable changes. The plants of Var. 3 (N, К 
plants) of a high level of N and К given at different 
times and in different doses accumulate the highest 
content of ethanol in-soluble potential precursors 
for lignin synthesis - ferulic and p-coumaric acids. 
Stalks of the lowest nutrient level (var. 1 - control) 
show the lowest phenolic content with the plants of 
var. 2 (N plants) occupying the medium position. 

The ratio of ferulic acid to p-coumaric acid in 
different varieties of mineral .. nutrients is not 
similar. High ratios are found in the plants of var- 1 
and var. 2 but N, К plants (var. 3) have a low ratio. 

All the ratios have a tendency to decrease towards 
the end of the vegetation period. 

Discussion 

The fact that the leaves of wheat plants con-tain 
4...5 times more ferulic acid .than p-coumaric acid 
(tab. 1, 2) shows that p-coumaric acid is confined mainly 
to lignified cell walls. HARRIS et al. (1980) suggested 
that non-mesophyll cell walls contained much larger 
amounts of ferulic acid than mesophyll ones. VANCE and 
SHERWOOD (197 6) showed a higher incorporation of p-
coumaric acid into lignin of Phalaris arundinacea. It is 
well documented that p-coumaric acid esters are in­
corporated into lignin in the Cramineae to . a larger 
extent than in other cinnamic acids (EL-BASYOUNI et 
al. , 1964; SCALBERT et al., 1985). 

These two monomeric phenolic acids are mainly 
esterfied with wheat cell wall polymers. It is prob­
able that p-coumaric acid is exclusively associated 
with lignin but ferulic acids, on the other hand, are 
mainly esterified with hemicelluloses and have been 
identified in many non-lignified tissues. 

Since these phenolic acids are bifunctional they 
are able to form ester or glycoside linkages .by the 
reaction of their carboxyl or phenolic groups respec­
tively • These phenolic acids, free or bound forms, 
can copolymerisize with ligi>in, and in different frac­
tions of wheat stalk lignin, they can be isolated on 
mild alkaline and mild acid hydrolyses._ 

One of the main functions of the cinnamic esters 
is to supply units for the biosynthesis of lignin. 
Reduction to the corresponding alcohols can give the 
substrates needed for dehydropolymerization to lignin. 
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There is a nearly parallel increase in lignin and 
in the content of p-coumaric and ferulic acid esters 
(fig. l, 2) during the cessation of growth in the first 
period of lignification in the first half of the vege­
tation period before flowering. 
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Fig. 1. Dynamics of lignin in the first internode of wheat 

1 - lignin % cm 1 

2 - lignin % dry mass 
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Fig. 2. The content of in ethanol insoluble esters (pg.un 1) in the first 
internode grown in different mineral nutrients 

A - p-coumaric acid 1 - f var. 
В - ferulic acid 2- 1 1  v a r .  

3 - III var. 



The contents of ferulic and p-coumaric acids in­
crease dynamically and reach their maximum in flower­
ing (fig. 2). In the phase of flowering, the wheat 
plant passes from the vegetative phase to the genera­
tive one and evidently the metabolism of the plant is 
reorganized. Ferulic and p- co;umaric acids inhibit the 
lengthgrowth of the plant (fig. 3). Later, after 
flowering, the content of the two compounds decreases. 

plants 
cm 

60 

50 

30 

30 50 70 do 
28.07 

60 40 

12.06 22.06 0207 12.07 measurement 
phenophase stalking booting flowering milk 

ripeness 
Fig. 3. Total length dynamics of the wheat plants 
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It is probable that with the inhibition of the length-
growth the second period of lignification begins where 
the cinnamic acids as precursors of lignification are 
utilized for the biosynthesis of lignin. MILLER et al. 
(1985) also show that soluble phenolic acids increase 
concomitant with the first phase of lignification in 
Lactua sativa and then decrease during the second phase. 

FRY (1979) showed that ferulic esters esterified 
to hemicelluloses in young primary cell walls would 
thus establish cross links with lignin and in this way 
might restrict the growth and contribute to the rigid­
ity of the cell wall by a mechanism similar to the 
perõxidase^mediated dimerization. 

Our data (p. 44) show that'the process of ligni­
fication proceeds very quickly, so on the 36th day of 
growth in the phase of stalking 11.8 % of lignin in 
the first internode is already formed (fig. 1). It is 
about 56 % of the maximum content of lignin. 

Our experiments with quantitative chromatography 
of phenolic acids from the cell walls of all the parts 
of spring wheat have shown that the amounts of trans-
-isomer of ferulic or p-coumaric acids are greater than 
those for the corresponding eis-isomer. 

And so the experiments of wheat coleoptile elon­
gation bioassays (MIIDLA, BALDRE, 1977) showed (fig. 4) 

% 

160 

ко -

120 

100 
1 2 3 

100 

4 5 6 

30 30 

60 -

40 -

Fig. 4. Histogram - interaction of native phenolic acids, isolated 
from the leaves of the wheat plants, on auxin-Induced growth 
of wheat coteoptiles. Initial length of sections 4 mm. Incu­
bation medium: sucrose (1 %), IAA (10-5M), phosphate buffer 
(pH 6). 1 - caffeic acid (trans) - 4.8.10~тЛ; 2 - p-couma­
ric acid (eis) - 3.8.1(Г чИ; 3 - ferulic acid (eis) - 2.10-1|M; 
4 - p-OH-benzoic acid - 8.3.10"^; 5 - p-coumaric acid 
(trans) - 6.7.10-4M; 6 - ferulic acid (trans) - 4.10"4 
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that native eis- forms of phenolic acids isolated from 
the leaves of wheat plants act synergist!cally with 
IAA promoting straight growth of wheat coleoptile 
sections. The results with other phenolic acids and 
their isomers are negative. 

Phenolic acids have been shown to increase the 
destruction of IAA by IAA oxidase in vitro: p-coumaric 
acid and p-hydroxybenzoic acids; and to decrease the 
destruction - caffeic acid (ZENK and. MOLLER, 1963). 
Contradictory results have been obtained with ferulic 
acid by .SACHER (1963) who obtained an increased rate 
"of destruction of IAA by IAA oxidase in the presence 
of ferulic acid. Our data (MIIDLA, HALDRE, 1977) show 
(fig. 5) that IAA oxidase activity was stimulated by 

4 

log molar . 
concentration ° 

Fig. 5. Effect of native phenolic acids (NPA) on the destruction of IAA. 
The system consisted of: 1 ml enzyme solution, 250 pg IAA, 1 ml NPA 
and phosphate buffer pH 4,0 in a total volume, of 10 ml. IAA was de­
termined with Salkowski reaction. 1 - p-coum., 2 - p-OH-bz., 
3 - fer., 4 - caf. 

сЁ&оуес/ min'1 

(mg protein'1) 

25 • 

ча 



low levels of ferulic acid while at higher levels it 
acted as an enzyme inhibitor. 

So these acids, before they are activated for the 
polymerization of lignin, interact with auxin-induced 
growth. 

The contents of phenolic acids in the first inter­
nodes of wheat stalks are strongly influenced by the 
nutrient content (N, P, K) of the substrate (tab. 3). 
The phenolic contents are higher in stalks of wheat 
plants growing with an elevated nutrient supply (N, К 
plants, Var. 3) - the mineral elements being given at 
different times and in different doses (N^OO + Kgg at 
the beginning of tillering + K^QQ at the beginning of 
stalking). 

Our laboratory data (see the article in our ab­
stract book p. 62) show that the intensity of lignin 
biosynthesis is in positive correlation with .the in­
tensity of growth at the beginning of the growth period. 
In accordance with the view that the biosynthesis of 
lignin and the lengthgrowth of plants proceed unidi-
rectionally our numerical results of the content of 
phenolic acids have been calculated for the lengthunit 
of stalk (1 cm). 

It is already known that in. N deficiency many 
phenolic compounds accumulate in plants, therefore the 
biosynthesis of protein decreases and phenylalanine is 
formed. The latter is utilized favourably in the bio­
synthesis of phenolic compounds but in the excess of 
nitrogen nutrition the protein synthesis prevails (MEI, 
THIMANN, 1984). 

The elements P and К, especially potassium, in­
crease the biosynthesis of phenolic compounds (KLIN-
GUER et al., 1986). 

In our experiments comparing control plants (Var. 
1, tab. 3) with N plants (var. 2) and with N, К plants 
(var. 3), we see that in N, К plants the content of 
cell wall bound (ethanol-insoluble) phenolic acids in­
creases significantly (p 4 0.05). 

The same correlation is also established in the 
lengthgrowth of wheat plants (fig. 3). 

From these facts we can conclude that single 
nutrient elements have an unidirectional influence, but 
if they are given together at different times and in 
different doses their effect is synergical (see the 
parameters of growth and development p. 27). That is 
natural because no single elements of mineral nutrients 
may be in deficiency. Mineral elements given at dif­
ferent times and in different doses influence first of 
all the primary metabolism in plants, increase the 
photosynthetic capacity and the content of carbohy­
drates and proteins - on what the secondary metabolism 
depends. MENGEL (1976) suggests in his monograph giving 
high doses of nitrogen together with high doses of po­
tassium. In this case the minerals influence synergi-
cally, cell walls develop and the lodging resistance 
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of cereals increases. 
The ratio of ethanol insoluble ferulic to p^cou-

maric acid is on the average the smallest in N and К 
plants (0.49) compared with plants of other varieties 
(var. 1 - 0.56 and var. 2 - 0.60 (tab. 3)). The small 
ratio shows that the amount of p-coumaric acid incor­
porated in lignin is greater, i.e. cell walls are more 
lignified. A similar conclusion can be drawn from the 
work by HARTLEY (1972) who showed that as Lolium perenne 
plants matured, the amount of ferulic acid relative to 
p-coumaric acid in their cell walls decreased and, at 
the same time, the lignin content of the cell walls 
increased. 

In this way, we think, we have found a good in­
dicator for estimating the process of lignification in 
cell walls. 

We conclude from the results obtained that inter­
mediates in lignin biosynthesis in wheat are esters of 
hydroxycinnamic acids which are not soluble in ethanol. 

In high nitrogen and potassium conditions plants 
assimilate carbon dioxide by photosynthesis and use 
carbohydrates thus obtained for the synthesis of phe­
nylalanine or tyrosine by the shikimic acid pathway. 
In addition to contributing to proteiii. synthesis these 
amino acids can undergo loss of nitrogen to form cor­
responding cinnamic acid derivatives. These acids lead 
to the formation of lignin. 
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REGULATION OF LIGNIN FORMATION IN WHEAT STALKS 

H. Miidla, E. Padu, A. Tänav 

Introduction 

The stiff-strawed lodge-resistant varieties of 
wheat (Triticum aestivum L. ) were characterized by a 
high lignin content ner unit length of stalk (see our 
previous article p. 44). 

Factors that tended to increase lodging (high ni­
trogen and low potassium content, shadings etc.) also 
reduced the lignin content of stalks lLAUDE, PAULI, 
1956). 

The work of PHILLIPS et al. (1949) showed that 
wheat, oat and barley seedlings contained a small 
amount of lignin and that a rather rapid increase in 
it took place in about 40 days after the plants had 
emerged from the soil. In all the cases, the young 
lignin had lower methoxyl content and the abovemen-
tioned authors concluded that this was definite evi­
dence against Klason's hypothesis that plants synthe­
size lignin from coniferyl alcohol (or aldehyde) by a 
process of polymerization, for it was a<£reed that 
Klason's theory would ^require a constant methoxyl 
content at all the stages of phytochemical synthesis. 

Cereal straws are angiosperms and the lignin is 
consequently made up of p-hydroxyphenyl (I), guaiacyl 
(II) and' syringyl (III) units. 

A change in the ratio of these building units 
•during the growth of the plant could account for any 
variations in methoxyl content found in the lignin and 
does not eliminate the possibility that coniferyl al­
cohol played a part in the formation of II. 

In the previous article we pointed out (see p. 37) 
that the primary precursors of lignin are the alcohols 
of p-coumaric, ferulic and sinapic acids. The lignin 
formed in wheat is composed of guaiacyl (containing 
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mainly p-coumaryl residues), syringyl (consisting 
mainly of ferulyl residues) and p-hydroxyphenyl units. 
Therefore, an alkaline nitrobenzene oxidation carried 
out on plants at various stages of growth, followed by 
the quantitative determination of vanillin, syring-
aldehyde and p-hydroxybenzaldehyde so formed, should 
provide evidence as to the relative amounts of the 
guaiacyl, syringyl and p-hydroxyphenyl units present 
in lignin. The amount of aldehyde derivable from the 
plant should also provide a good indication of the 
amount of lignin present. 

Lignin is a polymer synthesized via the shikimic 
acid pathway from erythrose-4-phosphate and phos-
phoenol pyruvate (BROWN, 1969). Two major products of 
the shikimic acid pathway are phenylalanine and tyro­
sine. Both these amino acids can be deaminated to 
phenolic alcohols by the respective ammonia lyases 
(NORTHCOTE, 1969). 

Phenylalanine ammonia lyase (EC 4.3.1.5, PAL) is 
present as an inducible enzyme (ZUCKER, 1968) that 
catalyzes the first reaction in a series leading to 
the formation of phenolic alcohols (NEISH, 1961). 

Peroxidases (EC 1.11.1.7) catalyze the formation 
of free radicals, from the phenolic alcohols , that 
spontaneously condense to form the lignin polymer 
(BROWN, 1969). FREUDENBERG (1959) is of the opinion 
that young plants store glucosides of phenolic alco­
hols and cinnamic acid derivates that are later con­
verted to coniferyl alcohol, a component of lignin. 
Therefore, peroxidases might control the rate or time 
of lignin formation. 

Correlation of the level of enzyme activities or 
ligijin, aldehyde and methoxyl contents with lodging 
could be useful for studying lodging resistance. 

From the -theoretical and, especially, from the 
practical standpoint it is very interesting to know 
how mineral nutrients (N, P, K) activate the meta­
bolism particularly, how they 
influence.lignin formation in cell walls in con­
nection with the lodging of wheat plants. 

The biochemical mechanism of lodging and the 
particular influence of mineral nutrients on this 
process have not been thoroughly stud i ed and are still 
badly understood.. 

In the present study we report the effects of 
elevated N, К levels on the process of lignification: 
the accumulation and structure of lignin and -OCH3 
groups. 

Material and methods 

Material: see the materials and general methods 

P- 9- . . 
The extraction and spectrophotometry determina-
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tion of lignin content were carried out using the 
technique of JOHNSON et al. (1961) with our modifica­
tions . 

After the removal of interfering phenolics and 
proteins, the lignin content of dried grasses can be 
measured by dissolving the residue in 25 % acetyl 
bromide in acetic acid and determining the absorp­
tion at 2 80 nm. 

All the samples of stalk internodes for deter­
mining the content of lignii), ialdehydes and -OCH3 

groups were fixed in a thermostat at $05 -°С for 30 
min, then dried at 60 °C for 12 h and milldd to an 
0.5 mm scijeen. 

The dried internodes (1.0 g) were first extracted 
with distilled water (100 ml) at 60 to 65 SC for 30 
min, then with 1 M NaCl at room temperature for 24 h 
with occasional shaking. The residue was washed thor­
oughly with water, ethanol, acetone and diethyl ether 
until no futher colour appeared in the filtrate and 
the preparation was dried at 50 °C overnight. The vo­
lumes of the reagents used for washing varied depend­
ing on the state of maturity of the material but did 
not exceed 10 0 ml for any (see the contents of pro­
tein in plants depending on their average, fig. 1). 

Soluble 
protein 
mgifrm. 

50 

tonic bound 
protein 
mgcTf.m. 

20 

•2 

03.06 14.06 24.06 07.07 17.07 26.07 Dates of 

stalking booting flowering milk ftenophase 
ripeness 

Fig. 1. Protein content as a function of age 
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The residue was extracted in Soxlet apparatus 
with ethanol-benzene (1:2, v/v) for 18 h. After that, 
the alkaline hydrolysis of dried residue was carried 
out with 2M NaOH in the atmosphere of argon for 1 h, 
washed with diethyl ether and dried at 50 °C. From the 
final residue, 10 mg of dry powder were weighed and 
the lignin was solubilized by heating at 70 ± 0.1 °C 
for 30 min in glass-stoppered test tubes with 5 ml of 
2 5 % acetyl bromide in glacial acetic acid. After 
cooling to 20 °C, the material was transferred to a 
100 ml volumetric flask containing 4.5 ml of 2M sodium 
hydroxide in 10 ml of acetic acid. Acetic acid was 
used to wash the residue from the tube and, to bring 
the volume up to 10 0 ml, 0.5 ml of 7.5M-hydroxylamine 
hydrochloride was added. The purpose of the hydroxy-
lamine hydrochloride is to remove the bromine and poly-
bromide formed during the reaction. Bromine itself is 
only a weak absorber at 2 80 nm but the polybromide ion 
which forms readily when bromine and bromide are mixed 
is a very strong absorber at 2 80 nm. The contents of 
the flask were brought up to -the . mark with acetic 
acid, shaken and allowed to stand for at least 1 h to 
let the protein sediment settle before reading the 
extinction of the solution at 280 nm. A reagent blank 
was run with every set of estimations. Fresh reagents 
were always prepared. Results ./were expressed as a 
percentage of the final dry mass according, to the 
formula: 

' . a E.G. 100 
ignm о £7 final dry mass (g) 

21.8, coefficient of wheat dioxan lignin 
standard determined in our laboratory, 
delusion 
extinction. 

Aldehydes, the products of alkaline nitrobenzene 
oxidation of lignin were determined according to EL-
BASYOUNI et al. (1964) with our modifications. 

After the extraction and hydrolysis, (see the 
preparation of samples for the determination of lignin 
p. 55), 0.2 3 ml of nitrobenzene and 4 ml of 2M NaOH 
were added to the cell wall material (0.1 g) in a 
stainless steel bomb (microautoclave) which was then 
kept at 160 °C for 2.5 h under continuous shaking in 
oil bath. After this, the bomb was plunged into an ice 
bath to cool, its contents were transferred to a sep-
aratory funnel and extracted by shaking with four 
100-ml portions of ether. The extracts were discarded 
and the aqueous layer was acidified (pH 5.5) and con­
tinuously extracted with ether for 20 h. This ether 
extract contained phenolic aldehydes resulting from 
the oxidation of lignin. The phenolic aldehydes were 
separated using the benzene:acetic acid:water (10:7:3) 
solvent for the first direction and n-butanol satu­
rated wit,h 3 % NH40H (upper phase) in the second di-

where £ = 

d -
E -
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rection.in thinlayer Chromatоgram (Silofol UV254). 
The quantitative determination of aldehydes was 

carried out spectrophotometrically and their amount was 
calculated according to Lambert-Beer law (see p. 39). 
Extinctions were measured at 2 80 mm for vanillin and 
p-hydroxybenzaldehyde and at 305 nm for syringaldehyde. 

Phenolic aldehydes were eluted from Chromatоgrams 
with absolute ethanol. 

ОСНз-content was determined with the iodine-metric 
method according to KREUTZ BERG arid G RA ВО V SKI (1962 ) 
with our modifications. The principle of this method 
lies' in the separation of methoxyl groups: from the 
substrate in the form of CH3I after being influenced 
with HI. CH3I is a vaporizing matter and it .is caught 
with glacial acedic acid in Br. During. the reaction 
lasting for an hour at 50 °C, iodine escapes and is 
titrated with N328203.. The reaction proceeded as fol­
lows : -

ROCHg —> CH3I -> IBr -> HI03 -> I2 -> 6Ma2S203. 

Accordingly, 1 g/mo.l -O.CH3. corresponds to 6 g/mol 
Na2S 2O 3. 

The content of OCHg-groups was calculated in per­
centages : 

Each of the abovementioned sets of experiments 
was repeated at least three times with different series 
of plants, n = 3, p = 0.05, Ax % = 1 for the deter­
mination of lignin and OCHg-groups and Ax = 6 for the 
determination of aldehydes. 

The methods used for determining peroxidases are 
given on p. 70, for PAL - p. 86 and for protein - p. 70 

Fig. 2 shows the analytical values for the lignin 
and -OCH3 content of plants in the ontogeny and the 
effect of mineral nutrients on the abovementioned com­
pounds . 

The percentage of lignin is low in young plants 
but rises rapidly and obtains 11.8 %, i.e. 56 % of the 
maximum value, in the phase of stalking and then in­
creases more slowly as the plant reaches the final 
stages of maturity. 

The same tendency can be seen in the content of 
OCHg-groups but only 29 % of methoxyl groups are formed 

-OCHg % = - n . В . 100 
A . 6 

where a - 0.1M Na2S20g ml for titration 

n - normality of Na2S20g 

В - molar mass 

A - dry mass (mg). 

Results 
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Fig. 2. The effect of mineral nutrients on the content of lignin (A) and -OCH~ 
groups (B) (in dry mass) 
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in the phase of stalking. It means that the process of 
methylation increases at the end of maturity. 

Table 1 

The effect of mineral nutrients on the content of 

aldehydes (mg.g ^ d.m.) and -ОСН., groups (% d.m.) of 

fully extracted wheat plants 1986 у. 

Variants Dates Vanil- Syring- Aide- Ratio -OCH^ 
and of lin aide- hydes v/s 
phenophases me as- hyde 

urement 

groups 

var. I 

stalking 

booting 

milk 
ripeness 

var. II 

stalking 

booting 

milk 
ripeness 

var. Ill 

stalking 

booting 

milk 
ripeness 

1 2 . 0 6  

27.06 

28.07 

12.06 

27.06 

28.07 

7.19 

7.50 

8.24 

8.37 

8.91 

9.86 

5.83 

7.10 

9,89 

6.28 

8.30 

11. 56 

13. 02 

14. 60 

1.23 

1.05 

1. 54 

2.02 

18.13 0.83 5.15 

15.15 1.33 1.62 

17.21 1.07 2.28 

21.42 0.85 5.46 

12.06 9.12 9.06 18.12 .1.00 1.64 

27.06 9.18 11.17 20.17 0.82 2.40 

28. 07 9.26 13.40 22.66 0.68 6.69 

Table 1 shows the results of alkaline nitroben 
oxidation which was carried out not on the isol 
lignin itself but on the plant material which had 
extracted with alcohol-benzene. There are several 
worthy points in connection -with fig. 2 and fi 
First, the percentage of vanillin and syringald 
increases rapidly in the stage of growth where 1 
fication takes place, resembling the methoxyl го 
in this respect. The ratios of vanillin and syvi n 
hyde obtained by oxidation change with the growГ 
the plant. In the early stages, the order of лbund 
it? as above, whereas in the maturity the order is 
versed, syringaldehyde now being predominant. Гhi 
be taken to mean that there is, indeed, a basic 
ference in the nature of lignin at various grow:h 
e s ,  a n d  t h e  e a r l y  p r e d o m i n a n c e  o f  a l d e h y d e  w i t h  
methoxyl group followed by the later predominance 

ene 
ated 
been 
note-
;. 5. 
hvde 

.if 
л .nee 

s.. eig­
ene 
of a 
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methoxy.lated unit is qualitatively in agreement with 
the increase in the methoxyl content of lignin. 

The difference in the ratio of the two aldehydes 
(vanillin and syringaldehyde) at various stages shows 
that there are two types - the guaiacyl and the sy­
ringyl types - of lignin, each giving rise to a cer­
tain percentage of vanillin and syringaldehyde upon 
oxidation. 

When comparing the content of aldehydes .in the 
fully extracted plants with that in the original, un-
extracted material (fig. 3), we can see that the ex­
traction process removes a large percentage of sup­
posedly non-lignin material and so the amount of al­
dehydes and methoxyl rises. 

'/. Of 
aldehydes 
and-OCHq 

4h 

30 50 70 90 Days after 
sowing 

Fig. 3. Methoxyl content (% d.m.) and aldehyde yield (mg.g._1d.m.) 
of unextracted whole control plants 

1 - methoxyL 
" 2 - vanillin 

3 - syringaldehyde 



As regards the effect of mineral nutrients on the 
abovementioned compounds, we ean see that elements N 
and К given together at different times and in diffe­
rent dozes have the greatest influence. At the end of 
vegetation period (28.07.), the content Of -OCH, groups 
in N, К plants increased by 14 %, the content of lignin 
dry mass - by 4 % (fig. 2), the content of lignin 
(%.cm~l) - by 29 % (fig. 4) and the total content of 
aldehydes - by 24 %, (fig. 2), when compared with 

control plants. 

—I—I—I I . 1 . I—I I - I I 

30 50 70 90 Days after 
12.06 27.06 07.07 17.07 2607 [jays9of 

measurement 

Fiq. 4. The effect of mineral nutrients on the content of lignin (% cm ) 
1 - 1  v a r .  
2 - 1 1  v a r .  
3 - III var. 



Changes in the structure of lignin and in the 
molar ratio of vanillin to syringaldehyde in milk ripe­
ness are 0.68 in N, К plants (compare with control 
plants - 0.83, tab. 1). In N, К plants the number of 
-OCH3 units is larger and the molar ratio is smaller 
than in control plants (tab. 1). 

Fig. 5 shows the dynamics in the internode growth 
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Fig. 5. The activities of enzymes and the polymerisation of lignin in control 
plants 
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of control plants, the dynamics in the accumulated 
lignin and phenolic acid per 1 cm of stalk and • the 
activities of peroxidases and phenylalanines ammonia 
lyase (PAL). After the cessation of the first inter­
node growth (5 0th day, booting phase), the specific 
activity of ionically bound peroxidase begins to in­
crease parallel to the dynamics of lignin biosynthesis. 
After this phase, the content of phenolic begins to 
decrease. The highest degree of the activity of ioni­
cally bound peroxidase is found at the end of full 
maturity. The curve of PAL activity is correlated with 
the curve of ester-linked bound ferulic acid. 

Discussion 

Fig. 5 shows that the content of ferulic acid as 
precursor of lignin increases in the first internode 
of wheat stalk till the cessation of growth and then 
begins to decrease. MILLER et al. (1985) suggested 
that the initial increase in phenolics was due to the 
synthesis of Cg - Cg lignin precursors, while •. the 
subsequent decrease in phenolics was due to •'their pol­
ymerization. xiFUKUDA and KOMAMINE (1982) failed to 
show a relationship between phenolic changes and lig-
nification. 

PAL activity peaked in the phase of stalking and 
declined in the period of flowering and grain-filling 
(fig. 5). It seems that there is a competition be­
tween the two metabolic pathways - proteins and phe­
nolics (compare fig. 1 and fig. 5). 

The initial rise in the production of phenolic 
acids is correlated with PAL activity. GUERRA et al. 
(1985) suggest that the high PAL activity is related 
to lignin synthesis, and cinnamic acid derivates can 
be oxidized by peroxidases. 

The high activity of the terminal enzyme of lig-
nification - peroxidase - is in an inverse correla­
tion with the dynamics of the first internode growth 
and with the dynamics of lignin in it until the end 
of the cessation of the first internode growth. In 
this period, during the anthesis, the activity of per­
oxidases is the smallest and the plant goes from the 
phase of vegetative growth to the phase of generative 
growth. It seems as if there were two phases of lig-
nification in wheat plants. In the vegetative phase 
(I phase), peroxidase cells predisposed to the ligni-
fication process per se, namely cells in the localized 
regions wherein lignification subsequently occurred, 
i.e. the cells which had become noticeably elongated, 
had a more intense ' peroxidase-staining reaction 
(phloroglucinol + HCl) than the neighbouring non-dif­
ferentiating cells. 

In the generative phase (II phase) when inter­
nodes (tissues) have ended their growth, the rapid 
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process of polymerization begins and the activity of 
peroxidases, especially the activity of ionically bound 
wall peroxidase, increases (fig. 5) and is correlated 
with the dynamics of lignin. The activity of some of 
the isoenzymes present enhances and soifie new ones ap­
pear (see p. 73). in this phase peroxidase generates 
H2O2 necessary for the oxidation and polymerization of 
cmnamyl alcohols. Our previous papers (MIIDLA et al. , 
1985, 1987 a, b, c) also show that activities of per­
oxidases are in close correlation with the lignifica-
tion only in the final phase of the vegetation period 
and they show further that the wall peroxidase activi­
ty is high even in young tissues just undergoing ligni-
fication. 

As regards the dynamics of lignin calculated in 
percentages of dry matter or unit of length, we can see 
that the content of lignin increases linearly with time 
course (fig. 2, 4). Our data are at variance with the 
results obtained Jbv some Other investigators such as 
PALEEV (1953) and LIASKOVSKY and KALININ (1973) who 
show a delignification of wheat stalks. It is difficult 
to understand the use of lignin during the period cff 
vegetation. We can only suggest that it has something 
to do with carbohydrates in the nucleus of benzene, 
that they actually decrease, not lignin itself. 

The high К supply resulted in an increased content 
of soluble amino acids in grain (MENGEL et al. 1981). 
This finding indicates that К probably promotes avail-
lability of amino acids for grain protein synthesis 
(see the previous article p. 29, tab. 3). Such an 
explanation is in' good agreement with the favourable 
effect of К on phloem transport. К promotes the flow 
of carbohydrates and amino acids towards . the grain. 
Phloem loading with amino acids is an energy dependent 
process which requires ATP. Since ATP synthesis is pro­
moted by K, the favourable effect of К on phloem load­
ing may result from the higher availability of ATP. 

Increased sucrose concentration has been reported 
to stimulate the accumulation of phenolics. Carbohy­
drates are presumably required as precursor materials 
for phenolics biosynthesis and for the regulation of 
tracheary element differentation (PHILLIPS, HENSHAW, 
1977). 

The aromatic amino acid - phenylalanine - is a 
common precursor of both proteins and phenolics; it can 
either be incorporated directly into the growing poly­
peptide chain in protein synthesis or converted by the 
enzyme PAL into fro/is-cinnamic acid, a key intermediate 
in the phenylpropanoid metabolism. There will be a 
competition between the two metabolic pathways for the 
common precursor (MIIDLA, 1970). It is probable that 
the level of carbohydrates and the activity of PAL in 
K, N plants are high which leads to the rapid phenolic 
accumulation and so increases lodging resistance. 

HOJATTI and MALCKI (1972) have reported that К 
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increases the methionine content of spring wheat daring 
its vegetative growth. KREUTZBERG .and GRABOVSKI (1962), 
giving labelled l^C-methionine in the nutrient solution 
of oat, point out that methyl groups are carried from 
methionine to lignin. In their experiment they showed 
that more than 90 % of the radioactivity of lignin was 
in the carbon of the -OCH3 group. So 1-methionine may 
be a precursor in the formation of -OCH3 groups cata­
lyzed by methyltransferase in plant lignin. It means 
that К increases the donor of -CH3 groups - S-adenosyl 
methionine. MILLER and ROBERTS (1982) showed that the 
addition of L-methionine to a xylogenic culture medium 
strongly stimulated tracheary element differentiation 
in explants of lettuce pith. 

Our experiment shows that the optimum К supply 
with N given at different times (before sowing, at 
the beginning of tillering and stalking) is required 
not. only for the maximum production of vegetative 
organs and cereal grains and for the formation of seed 
with high- single grain mass (see p. 29, tab. 3)but 
the influence of К is expressed in the process of 

lignification and methylation (fig. 2). The latter 
process proceeds through the biosynthesis ofthesulpbup-
-containing amino acid methionine as a donor of -CHg 
groups. 

In the process of methylation, a very important 
part is played by O-methyltransferase (OMT) catalyzing 
phenolic compounds in the presence of S-adenüsyl-L' 
methionine which acts as a donor of methyl groups. So 
the activity of OMT is not an indicator of the intensi­
ty of the lignification process but, as N1КОLAEVA -and 
ZAPR0MI0T0V . (1987) noted.. its activity influences the 
structural quality of lignin. FUKUDA and KOMAMINE 
(1982) suggested that the ÕMT activity is related not 
to the lignin synthesis but to the synthesis of sol­
uble phenolics. 

Our data show that in N, К plants synthesizec 
lignin contains a much higher proportion of syringyl 
than of guaiacyl units (tab. 1) when competed with 
plants of other varieties. The synthesized polymer has 
a different structure, i.e. different molar ratio of 
vanillin to syringaldehyde and different content of 
-OCH3 groups. 

The ratios of vanillin to syringaldehyde did not 
remain constant in plants of different ages and with a 
different level of mineral nutrients, the percentage 
of syringaldehyde being lower than that of vanillin in 
young and N plants and higher in more mature and N, К 
plants. This is qualitatively in agreement with an in­
crease in the methoxyl content of lignin (MIIDLA, PADU 
1987 a; MIIDLA et al. 1987 b; N1КОLAEVA, ZAPR0MI0T0V 
1987). 

In our experiments mainly two oxidative nitro­
benzene aldehydes - vanillin and syringaldehyde - were 
established because p-hydroxybenzaldehyde occurs only 
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in very small amounts, often as traces. GLAZENER (1982) 
points out that if proteins from wall-bound enzymes are 
still present in the alkaline insoluble cell wall ma­
terial when it is subjected to alkaline nitrobenzene 
oxidation, p-hydroxybenzaldehyde will result as a 
degradation product of tyrosine. So it occurred to the 
present authors that the source of the p-hydroxybenz-
aldehyde obtained on alkaline nitrobenzene oxidation 
of wheat stalks might be not lignin but tyrosine asso­
ciated with protein.Therefore, the oxidative nitro­
benzene degradation is not specific enough for p-hydrox-
"ybenzaldehyde either to conclude that the degradation 
products originate from lignin alone. 

To sum up the results we should like to point out 
that using different mineral elements we can influence 
phenylpropanoid metabolism which ;is connected with 
lignification on which the lodging resistance of ce­
reals depends. The alterations in the ratios of nitro­
benzene oxidation products and changes in the ioniza­
tion difference spectrum were found to be of the 
greatest significance. The synthesized polymer influ­
enced by mineral nutrients is shown to have a different 
structure, i.e. the ratio of vanillin to syringaldehyde 
is different. Considering all this we reached the con­
clusion that the smaller the ratio of vanillin to 
syringaldehyde is the more methylated the lignin con­
tained in the "plant and the more lodging resistant the 
stalk of the plant are. The quantitative content of 
lignin is riot the only indicator of lodging resistance. 
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THE ACTIVITY AND ISOENZYME PATTERNS OF 

CYTOPLASMIC AND WALL-BOUND PEROXIDASES IN WHEAT 

E. Padu, H. Miidla, M. Sallum 

Peroxidase (EC 1.1.1.7), a '.wide-spread plant 
enzyme, is always found in a great number of isoforms. 
The existence.of different molecular forms makes the 
control of metabolism possible. The isolation and char­
acterization of separate isoperoxidases has repeated­
ly been attempted (ZMRHAL and MACHAÖKOVA, 1978; KIM et 
al. , 1980) but detailed knowledge of the vivo 
functions of individual isoenzymes of peroxidase is 
still lacking. Different subcellular localizations of 
various isoenzymes together with their different cata­
lytic properties point to differences in their func­
tions. 

The object of the present study was to observe 
changes in the activity and isoenzyme patterns of the 
peroxidase located in cytoplasm and bound to cell walls 
by ionic and covalent bonds in order to determine pos­
sible differences in the significance of different 
isoforms of peroxidase to the biosynthesis of lignin. 

Materials and methods 

Experiments were performed with the two cultivars 
(1 Leningradka1 and 'Arkas') of the spring wheat Triticum 
aestivum L. Plants were grown in the field as described 
above (p. 9 ). Experiments were carried out with con­
trol plants grown under the mineral nutrition condi­
tions of NgnPgnKgQ kg ha~l in 1985 and of Мбор60КБО kg 

ha-1 in 1986. For biochemical analyses two weighings 
(2 g each) per the average test of 30 plants were.used. 
Enzyme activity for both the weighings w-as determined 
in three repetitions.. 

Preparation of enzyme extracts 

The method of RIDGE and OSBORNE (1970) with some 
changes was used for separating differently bound forms 
of peroxidase. The material fixed with liquid nitrogen 
was homogenized in the mill. The soluble peroxidase 
was extracted from 2 g of the homogenized material of 
the phosphate buffer of Sörensen (pH 6.2) using glass 
filters with the sample size of 100. After four ex­
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tractions, practically the whole soluble fraction was 
separated. The volume of the extract was brought up to 
25 ml. 

In order to separate the cell-membrane-bound per­
oxidase , the precipitate was twice (for 15 min each) 
treated with the solution of 2 % "triton X-1,0 0. The 
mixture of the volume of triton X-$00 extracts and 
twice extracted precipitate with phosphate buffer was 
brought .up to 15 ml. 

In order to separate the ionically bound peroxi­
dase , the precipitate was twice (in the course of an 
hour) treated with 1M NaCl and then twice with the 
phosphate buffer (pH 6.2). The filtrates were joined 
together and the volume of the extract was brought up 
to 10 ml. Before the activity was determined, the ex­
tracts of both soluble and ionically boUnd peroxidases 
were dialysed for 24 h in relation to the phosphate 
buffer (pH 6.2). 

In order to determine the activity of the cova-
lently bound peroxidase, reaction mixture was added to 
the precipitate, homogenized, and, in a minute, the 
homogenate was filtrated through a glass filter, and, 
at once, the extinction of the reaction mixture was 
determined. 

Determination of peroxidase activity 

The activity was determined after Pütter (BERG-
MEYER, 1970) using some modifications. The reaction 
mixture (with the volume of 3 ml) contained 4.6 mM of 
guaiacol, 0.12 mM of H9O2, 0.1 ml of enzyme extract, 
the phosphate buffer of Sörensen (pH 6.2). The ex­
tinction of the reaction mixture was determined spectro-
photometrically at 436 nm with the intervals of 15 sec 
from the moment H2O2 was added to the mixture. Enzyme 
activity was expressed as the amount of substrate micro-
moles per 1 g of fresh mass (total activity) or, protein 
(specific activity) oxidized in a minute using the ex­
tinction coefficient of the reaction product - octa-
dehydrotetraguaiacol - 25.5 cm2M~1. 

When syringaldazine was used as a substrate upon 
the determination of peroxidase activity, the reaction 
mixture contained 0.018 mM of syringaldazine, 0.5 mM 
of H9O2» the phosphate buffer of Sörensen (ph 7.5), 0.1 
ml of enzyme extract (GRISON and PILET,! 1985). The 
change in extinction was determined at the wavelength 
of 5 30 nm in every 15 min beginning from the moment 
H2O2 was added to the mixture. Enzyme activity was ex­
pressed as the change in extinction per 1 g of fresh 
mass within a minute. 

Protein content was determined using .the method 
of Lowry (LOWRY et al., 1951) with some modifications 
(JAASKA, 1968). 

To analyze the isoforms of peroxidase, the 
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vertical electrophoresis in polyacryl gel was used 
(DAVIS, 1964). 

To develop peroxidase histochemically, Nadi reac­
tion was used in the reaction mixture of 1 mM of O-
dianisidine-dihydrochloride, 1 mM of pyrocatehol, 2.1 
mM of H202and in 0.2M of acetate buffer (pH 4.0). 

The content of hydrogen peroxide in: plants was 
determined after MONDAL and CHOUDHUK (1981) using TiSO^ 

The content of lignin was determined according to 
Johnson et al. as described above (see MIIDLA et al., 
p. 55 ). . 

Results 

The activity of different forms of peroxidases 
was determined in leaves and in the lower and upper 
internodes of stalks. In leaves, the activity of the 
soluble peroxidase turned out to be the highest - 87 -
- 93 % of the total enzyme activity. The ionically 
bound cell-wall peroxidase constituted 5 - 6 % and the 
covalently bound one - 0.3 - 5.2 % of the total per­
oxidase activity (tab. 1). Stalks also contained more 
cytoplasmatic (soluble) peroxidase (62 - 83 % of the 
total amount of the enzyme) than any other peroxidase 
variety. Ionically bound peroxidase constituted 5-20 %, 
covalently bound one - 1.2 - 13 %, membrane-bound one 
1.0 - 9 % from the total «aount of the enzyme, thus 
cell-wall-bound peroxidase (ionic + covalent) consti­
tuted 10 - 29 % from the total amount of the enzyme 
(tab. 1). Cultivar dependent differences in the content 
of different peroxidase varieties were not observed in 
wheat stalks. 

During the vegetative period, considerable changes 
in the total activity of peroxidase as well as in the 
content of its different varieties took place. These 
changes turned out to be both organ specific and of 
one type in 1985 and 1986. In leaves, an increase in 
the total peroxidase activity as well as in the soluble 
PO activity was observed, though in the phases of 
stalking and booting the activities were practically 
on a level. When plants were undergoing booting, the 
activity of ionically bound peroxidase in the leaves 
decreased. In the phase of stalking, the peroxidase 
activity in the lower internode of the stalk was high 
in the case of both the cultivars. When the plant was 
passing into the generative phase, the enzyme activity 
decreased sharply and was at its lowest in the phase 
of booting. Beginning with flowering, the peroxidase 
activity increased constantly up to the end of the veg­
etative period. Analogically to the lower internode, 
in the upper internode (formed by the phase of booting) 
enzyme activity increased constantly and reached its 
maximum value by the phase of dough ripeness (tab. 1). 
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The upper internode peroxidase activity was lower 
than the lower internode one at practically all the. 
moments of analysis. 

The activity dynamics of the ionically bound per­
oxidase generally coincided with the changes in the 
activity of the soluble peroxidase - the activity was 
high at the beginning and at the end of the vegetative 
period. But unlike the soluble peroxidase, the total 
activity of the ionically bound peroxidase was at its 
lowest in the phase of flowering, not in that of 
booting (tab. 1). 

In stalks, the activity of the covalently bound 
.peroxidase was stable and uniformly low (1.3 - 2.0 дМ 
min g~1) during the Vegetative period of 1985. In 1986, 
its activity was somewhat higher (2.4 - 4.3 цМ min g~l) 
but likewise stable in all the phenophases observed. 

The relative content of bound peroxidases (in most 
cases exceeding 20 % from the total amount of peroxi­
dases) in stalks was high in the first stages of vege­
tation - in the phases of sprouting, stalking and 
booting, evidently in connection with the high activity 
of the ionically bound peroxidase during this period. 
The relative content of the covalently bound peroxi­
dase was at its highest in the phase of booting. 

Experiments were carried out to study, the isoforms 
of peroxidases of upper and lower internodes of stalks 
in the cultivars 'Leningradka' and 'Arkas'. The content 
of molecular forms in both the cultivars türned out to 
be identical, organ specific and underwent changes dur­
ing: the vegetative period (fig. 1). 
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Fig. 1. fsoperoxidase patterns in wheat stalk (in increasing order of 
activity - blanck, narrow striped, wide striped, black). 
A - first internode; В - fourth internode; 
S - soluble isoperoxidases; I - ionic bound peroxidases. 
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In the lower internode 10 and in the upper inter­
node 6'anodic isoforms of soluble peroxidase were found. 
In the lower internode, the highest activity was char­
acteristic of slow isoforms 1, 4, 5, 6, and of rapid 
isoforms 9 and 10. During the period of vegetation, the 
activity of isoforms 1, 4, 5 decreased. Isoform 2 was 
distinguishable from the generative > phase (booting, 
flowering) till the end of the vegetative period. Iso­
forms 7 and 8 were formed in the phases of milk and 
dough ripeness. 

Peculiar to the isoenzymic content of the soluble 
PO of the upper internode was the continuous existence 
o f  i s o f o r m  2  a n d  t h e  a b s e n c e  o f  i s o f o r m s  3 ,  4 ,  7 , 8  
(fig. 1). During the vegetative period, the activity 
of isoforms,1,2 and 5 decreased while that of isoform 
6 increased. 

Isoforms lacking in the soluble peroxidase were 
also absent from the ionically bound peroxidase. Iso­
forms 2 and 3, being of low activity in the soluble 
fraction of the lower internode, were not found in the 
ionically bound PO. In the upper internode, isoenzyme 
2 had continuously high activity and it was also found 
in the fractions of the ionically bound PO. It is of 
some interest that isoform 4, lacking from the soluble 
fraction of the upper internode, was present in the 
bound fractions of both varieties but its activity de­
creased as the-'plants grew older while the activity of 
isoform 6 increased. In the lower internode, there was 
a decrease in the activity of isoforms 1 and 4 (which 
disappeared when plants reached the phase of ripeness) 
and also of isoform 5 of the ionically bound isoper-
oxidases. In the phase of dough ripeness, ionic iso­
forms 6, 7 and 8 were activated, isoforms 7 and 8 only 
in the lower internode. 

4 active cationic isoforms of peroxidase were 
found in both - the lower !:„(iäoforms 2, 3, 5, 6) and 
the upper (isoforms 2, 3, 4, 5) internodes. In the 
first stages of ontogeny (sprouting, stalking) as 
well'as at the end of it (in the phases of flowering 
and ripeness), rapid isoform 7 was sometimes found in 
the lower internode, too. All the more active cationic 
isoforms of the soluble PO were also represented in the 
ionic fraction. 

During the ontogeny, the weakening of soluble 
isoforms 2 and 3 could be observed in both the upper 
and the lower internodes, isoforms 6 and 5 reached 
their maximal activity in the phased of flowering and 
dough ripeness. The cationic isoform complex as a whole 
had its highest activity in the soluble fraction in the 
phase of flowering while the ionically bound isoform 
complex had a high activity in the phase of stalking, 
too. 

Experiments were also carried out to s'tudy the 
substrate specificity of wheat peroxidase with two 
substrates - guaiacol (a widelv used not a natural 

74 



substrate for determining peroxidase activity) and sy-
ringaldazine (a substrate resembling in its . che­
mical structure the precursors of peroxidatic oxidation 
of lignin). 

The formula of syringaldazine: 

rjPab 
н0\_Ус=N-N=c\)-oH 

H3C0 0CH3 

I PO 
\ H 2 0 2  

H3™ H H 0CH3 

c- N=N-C=(~~\OH 

HjCO осн3 

H0-

When guaiacol was used as a substrate, acidic PO 
zones 1 and 4 appeared in foreoj^anmes. We did not suc­
ceed in colouring histochemically peroxidase isoforms 
with syringaldazine. 

Table 2 

Activity of cytoplasmic and cell wall bound peroxidase 

(E min'1, g 1 fresh mew)* with different substrates 

Phenophase The activity of peroxidases 

Guaiacol Syringaldazine 
Cyto- Ionic Gova- Cyto- Ionic Covalent 
plasmic lent plasmic 

Stalking 0,30 0,30 0,30 0,05 0,09 0,04 

Booting 0,20 0,20 0,20 0,04 0,06 0,04 

* Activity of all forms of peroxidase towards 
guaiacol is reduced to similar activity. 

Table 2 gives the results of the two experiments 
in which the activity of soluble and bound peroxidases 
was determined from the lower internodes of plants in 
the phases of stalking and booting using two substrates. 
Before the enzyme activity was determined using syring­
aldazine, the activity of soluble, ionically and co­
valent ly bound peroxidase extracts had been brought to 
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the same level in relation to guaiacol. According to 
the results obtained, ionically bound peroxidase had a 
higher activity with syringaldazine than the peroxidase 
located in cytoplasm 'did.. The covalently bound per­
oxidase was not found to have a higher activity in re­
lation to syringaldazine than the soluble peroxidase. 

It is also worth mentioning that by .the end of 
flowering, when the peroxidase activity began to in­
crease, the intensity of plant growth decreased and 
reached a plateau (fig. 2). 
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Fig. 2. The growth of wheat plants 
A - total length 1985; В - length of first internode 
(1, 2) and fourth internode (3, 4) 1986. 
1,3- 'Ärkas 1 ; 2, 4 - 'Leningradka' 
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During the generative phase, plants grew mainly 
on aecount of the lengthening of the fourth internode 
and of the underhead stalk. In both the lower and the 
upper internodes, the activity of the ionically bound 
PO was found to be at its minimum in the phase of 
flowering. 

Discussion 

According to the literature consulted, plant per­
oxidase is mainly located in cytoplasm in its soluble 
form but it is also found in almost all the organelles, 
in vacuole and in cell walls in its bound form (GASPAR 
et al. , 1982). The present study has confirmed that in 
the wheat cultivars 'Leningradka' and 'Arkas', the sol­
uble form accounts for the majority of the summaric 
peroxidase activity in both leaves and stalks but in 
stalks the bound forms play a greater part than in 
leaves (10-30 % and 5-11 % respectively). The peroxi­
dase located in organelles accounts for 1-9 % of the 
summaric enzyme activity. According to the literature 
consulted, the ratio of the activity of free to bound 
forms differs in different plant varieties and in dif­
ferent tissues and organs. In carrot roots and tobacco 
pith practically all the peroxidase is cell-wall bound 
(BIRECKA and MILLER, 197 4). There are few data avail­
able concerning monocotyledons, only the composition 
of differently bound peroxidase forms in leaves has 
been practically studied. For instance, in maize leaves, 
the bound forms of peroxidase account for 20 % (BIREC­
KA and CATALFAMO, 1975) and in Phalaris arundinaceae L. -
for 30 % (VANCE et al., 1976) of the total enzyme ac­
tivity. 

Our studies have shown that in wheat the activity 
of the ionically bound peroxidase (5-20 % of the total 
activity) is higher than that of the covalently bound 
peroxidase (1-13 % of the total activity). According 
to.the data published, this ratio is also subject to 
wide-range variations depending on the plant variety, 
tissue and organ. In horse-radish (Armoracia rusticana 
L.) roots practically all the peroxidase is ionically 
bound to cell walls (LIU and LAMPORT, 197 4) but in pea 
roots the activities of ionically and covalently bound 
forms are practically equal (FIELDING and HALL, 1978). 

It should be pointed out that our studies have 
established that in laboratory conditions when plants 
were grown in the phytotron (lighting 24 W m~2, t° 
22 °C and 8 h of darkness with t° 15 °C), the activity 
of the covalently bound peroxidase in stalks was higher 
than that of the ionically bound peroxidase. Differ­
ences between the results obtained in the laboratory 
and those obtained in the field may have resulted not 
only from differences in the conditions of growth but 
also from the fact that from the plants grown in the 
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phytotron the covalently bound peroxidase was separated 
enzymatically, using cellulase (Onozuka) 3 mg ml"l and 
pectinase (Fluka) 17 mg ml-1. The determination of the 
activity of the covalently bound peroxidase by reducing 
it to its free form using cellulolytic and pectinolytic 
enzymes yields heightened results evidently for the 
reason that the enzymatic reaction carried out directly 
in cell walls prevents the substrate molecules from 
reaching all the enzyme molecules (enzyme activity de­
pends oh the degree of fineness of the material). 

In addition to the: variety and organ specificity 
of the activity and relative amounts of different per­
oxidase forms, the activity, relative content and iso­
enzymes of all the peroxidase forms varied during the 
ontogeny depending on the phase of development. In 
the lower internode, the activity of soluble and bound 
peroxidase was at its highest in the phase of stalking 
when the majority of the possible amount of lignin in 
stalk was also formed (in the field experiments of 1985 
- 59 % and of 1986 - 56 % of the maximal possible 
amount of lignin - tab. 3). In the initial period of 

Table 3 

The content of lignin in wheat stalk 

lev. 1 Lenlngredka1) during the period of vegetation 

Lignin content 

Organ Phenophase 1985 1986 

% of I Of 
dry lignin 
mas s from 

dough-
ripeness 

% of % of lignin 
dry from milk 
mass ripeness 

—p 
First Stalking 12.1 
inter- Booting 17.2 
node Flowering 17.7 

Milk 
ripeness 
Dough-
ripeness 20. 4 

Fourth Booting 16.0 
inter- Flowering 16.5 
node Dough-

ri'peness 16.6 

59 
8t 

100 

96 
99. 3 

100 

11. 8 
14. 0 

21.0 

56 
67 

100 

the ontogeny, the highest content of bound forms 
also decreased (tab. 1). 

According to WEISSENBÖCK (1976), in the differ­
entiating xylem of araucaria, the biosynthesis of 
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lignin begins in the period of high peroxidase activi­
ty and the decrease in the intensity of lignin bio­
synthesis is accompanied by the decrease in peroxidase 
activity. 

During the period of intensive lignin synthesis -
in the phase of stalking-, the specific activity of 
ionically bound peroxidase in the • lower internode 
(where a greater amount of lignin is synthesized) is 
higher than that in the upper internode. 

Our experiments performed to study the substrate 
specificity of soluble and bound peroxidases, have 
shown that the peroxidase ionically bound to cell walls 
and catalyzing the last stage in the biosynthesis of 
lignin in cell walls has a higher activity towards sy­
ringaldazine than the soluble peroxidase (tab. 2). On 
analysing the data presented in table 2, we came to 
the conclusion that the covalently bound peroxidase 
does not participate in the biosynthesis of lignin as 
effectively as the ionically bound form of the enzyme 
does. This may be due to the fact that, as has been 
shown in literature, the ionically bound peroxidase is 
located in the middle lamellae where the process of 
lignification begins, the covalently bound peroxidase, 
on the other hand, is bound to pectin and hemicellulose 
(FIELDING and HALL, 1978). 

Differences in the quantitative composition 
between the ionic and soluble forms of peroxidase may 
account for the fact that the ionic form is more active 
towards syringaldazine than the soluble one. In the 
fraction of bound peroxidase, there were no isoenzymes 
not present in the composition of soluble peroxidase 
but the anodic isoformas 2 and 3, present in the sol­
uble fraction, were missing. In the lower internode, 
the ionically bound peroxidase was represented by the 
largest number of most active isoforms at the begin­
ning of ontogeny - in the phases of sprouting and 
stalking - when the high-activity slow anodic isoforms 
1, 4, 5 and the rapidly moving isoforms 9, 10 were 
bound to cell walls. All the cationic isoforms charac­
teristic of the soluble peroxidase were also present 
in cell walls in anodically bound forms but their ac­
tivity differed greatly during the two vegetative pe­
riods - in 1985 , the ionic cationic peroxidase proteins 
had a very low activity throughout the vegetative pe­
riod but in 1986, cationic isoforms had the maximal 
activity in the phases of stalking and dough ripeness. 

The activity of slow anodic isoforms decreased 
when plants were passing from stalking to the genera­
tive phase, isoform 5 had disappeared by the phase of 
flowering in the summers of both 1985 and 1986, isoform 
4 - in the summer of 1985 (in 1986 it weakened great­
ly) • 

The results of our experiments have shown that 
there is a correlation between the intensity of the 
biosynthesis of lignin and the activity of the slow 
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anodic isoforms of peroxidase. 
Quite a number of researchers have established 

differences in the substrate specificity of different 
peroxidase isoforms but there are few data concerning 
the metabolism of phenolic compounds and especially the 
biosynthesis of lignin. Anodic isoperoxidases, bound 
to the cell.walls of the callus tissue of tobacco, show 
a greater affinity for coniferyl alcohol in the forma­
tion of dehydrogenisation polymer than soluble peroxi­
dases (MÄDER et- al. , 1977). The cell wall bound per­
oxidase Al is supposed to participate in the biosyn­
thesis of lignin for the reason that it is located in 
the sklerenhyme of xylem (BART0Š0VA et al., 1982). 

There is a correlation between the intensity of 
the biosynthesis of lignin and the ability to oxidize 
'syringaldazine (KEVERS and GASPAR, 19 85). GOLBERG to­
gether with his colleagues (1981) has shown that the 
oxidation of syringaldazine occurs only in the tissues 
where the biosynthesis of lignin takes place. In ad­
dition, it has been shown that in the cell culture of 
tobacco only the acidic forms of peroxidase are secreted 
into cell walls through the medium of the Golgi camjiilex 
(MÄDER and WALTER, 1986). 

A result of ours deserving special notice is the 
fact that the activity of the soluble as well as the bound 
peroxidase is at its lowest in both the lower and the 
upper internodes in the phases of booting and flower­
ing . As to the physiological significance of the low 
peroxidase activity in the generative phase, it has 
been suggested that' there is a connection between the 
decrease in the enzyme activity and the necessary in­
crease in the concentration of indole-3-acetic acid 
when passing into the phase of flowering (GASPAR et al, 
19 85). Our experiments have shown that in wheat the 
ability to oxidize auxin is mainly exhibited by the 
cationic isoforms of peroxidase (PADU et al., 1983). 
During the vegetative period, the alkaline isoforms 2 
and 3 were those that weakened noticeably in the sol­
uble fraction of both the lower and the upper inter­
nodes , the activity of other isoforms remained relative­
ly stable and might even increase during the flower­
ing. In case of ionically bound cationic isoforms 
(whose participation in the regulation of the content 
of endogenous IAA is, however, not very probable), the 
whole complex reached its maximal activity in the phase 
of stalking, isoform 5 in the lower internode - in the 
phase of dough ripeness, too'. 

The high activity of peroxidase at the end of 
ontogeny in the phase of dough ripeness when stalks 
were turning yellow, had lost their leaves and the 
content of dry matter reached 36 %, was to some extent 
unexpected for us. An increase (though not so marked) 
in the peroxidase activity has also been observed in 
winter wheat (BARTOŠOVA et al., 1982). Since the con­
tent of both bound and soluble proteins in wheat stalks 
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was continuously decreasing during the period of vege­
tation , an increase in the total and specific activity 
of peroxidase probably,shows a considerable increase 
in the content of peroxidase protein in the total 
content of protein. An increase in the peroxidase ac­
tivity has been regarded as an indicator of plant aging 
(BIRECKA et al., 1979; MONDAL, CHOUDHURI, 1981; MIIDLA 
et al. , 1987). Physiologically, an increase in the 
enzyme activity may be of significance for the final 
formation of cell wall structure. It ife quite well 
known that peroxidase participates in the formation of 
bonds between the residues of ferulic acid located in 
cell walls (FRY, 1979) and in the binding of phenolic 
•compounds to the saccharidic and proteinaceous compo­
nents of cell walls (WHITMORE, 1976 , 1978). Since the 
activity of catalase is decreasing, peroxidase is also 
necessary for decomposing the hydrogen peroxide accu­
mulating in aging plants (BIRECKA et al., 1979). Our 
studies of wheat plants have also shown an increase in 
the content of hydrogen peroxide during the ontogeny. 
15-day-old plants contain 2.2 nmoles of hydrogen per­
oxide per 1 g of dry mass of leaves, the leaves of 25-
-day-old plants - 5,4 ymoles. It should be mentioned 
that by the phase of dough ripeness, two new acidic 
isoforms (7 and 8) have been formed in the soluble 
fraction of peroxidase in the lower internode of both 
cultivars (and also in the upper internode of 'Arkas'). 
They may supply another reason (in addition to the ac­
tivation of old isoforms) for an increase in the PO 
activity in the phase of dough ripeness, and indicate 
a change or an improvement in the function of peroxi­
dase in old plants. 

An increase in the peroxidase activity of aging 
plants coincides with the cessation of growth. A nuiiber 
of researchers have observed an inverse relation of 
peroxidase to growth (EVANS, ALLDRIDGE, 1965; CHIBBAR 
et al., 1989). 

Thus, we may conclude that the different phases 
in the development of wheat plants are characterized 
by the different activity, different relative content 
and different isoenzyme composition of free and bound 
peroxidases. The high activity of slow isoforms, sup­
posedly catalyzing the oxidation of cinnamoyl alcohols 
by the biosynthesis of lignin, is typical of the 
initial stages of wheat stalk differentiation. In the 
generative phase, the peroxidase activity is low with, 
the cationic isoforms of auxin oxidase activity having 
the low activity. In the phase of ripening, the ac­
tivity of both the bound and the soluble peroxidase 
increases, probably guaranteeing the final formation 
of cell wall structure and enabling to decompose the 
hydrogen peroxide accumulating in aging plants. In the 
plants which have reached the phase of ripeness, two 
new acidic isoforms of peroxidase are formed. Conse­
quently, the last stages of cell wall formation and of 
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the biosynthesis of lignin are also characterized by 
the regulation on the level of peroxidase isoforms, 
which has already been demonstrated in case of other 
enzymes of secondary metabolism (EBEL et al. , 1974; 
HAHLBROCK and GRISEBACH, 1979; GROSS, 1979). 
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THE ACTIVITY OF {.-PHENYLALANINE AMMONIA-LYASE 

AND PEROXIDASE, AND THE BIOSYNTHESIS OF PHENOLIC 

COMPOUNDS IN WHEAT UNDER DIFFERENT CONDITION OF 

MINERAL NUTRITION 

E. Padu, L. Meiner, R. Selgis 

Introduction 

After a long period of intensive research, the main 
^outlines of the composition and structure of lignin 
have been elucidated. Plant materials exhibit a great 
heterogenity in the concentration and composition of 
lignins. Taxonomic differences in the content of lignin 
in angiosperms, gymnosperms and grasses are widely 
known (WEISSENBÖCK, 1977). In mature wood of angio­
sperms and gymnosperms the lignin concentrations vary 
from 15 to 36 % of the dry mass (SARKANEN and HERGERT, 
1971) , during the development of plants the amounts of 
lignin increase and the polymer becomes richer in sir-
ingyl units (GRAND and RANJEVA, 197 9). It is also well 
known that lignin is formed on contamination by patho-
genes (VANCE and SHERWOOD, 1976). Variations in the 
amount and content of lignin in nature indicate that 
artificial influencing of the biosynthesis of lignin 
is also possible, for that purpose treatment with 
growth substances(BRYANT, 1976) and herbicides (EN-
GELSMA, 1973) has been used. The possibility of in­
fluencing secondary metabolism by changing the mineral 
nutrition of plants has been relatively little inves­
tigated although it would be one of the more easily 
practicable ways of directing the biosynthesis of 
lignin and other phenolic compounds (HAHLBROCK, 1975; 
PHILLIPS and HENSHAW, 1977; MIIDLA et al., 1970). 

The aim of the present study was to elucidate the 
effect of the heightened amounts and different adminis­
tering times of potassium and nitrogen fertilizers on 
L-phenylalanine ammonia-lyase (PAL, EC 4.3.1.5) activ­
ity, the latter being the first enzyme in the pathway 
leading to phenylpropanoid biosynthesis. In addition, 
the influence of mineral nutrition on the peroxidase 
(PO - EC 1.1.1.7) activity was also investigated (this 
enzyme catalyzes the last phase in the biosynthesis of 
lignin - the dehydrogenative polymerization of cinnamyl 
alcohols in cell walls) to substantiate biochemically, 
by changes in the properities of enzymes, changes in 
secondary metabolism, especially in the biosynthesis 
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of lignin in plants grown under different conditions 
of mineral nutrition. 

Material and methods 

Field. experiments were performed with spring 
wheat Triticum aestivum L. cv-s ' Leningradka' and 'Arkas', 
laboratory experiments - with the sprouts of cv 'Lenin­
gradka '. 

The conditions of growth of plants 

In the laboratory experiments, seeds soaked in 
water germinated for 2 4 h at room temperature were in 
20ies planted into pots filled with soil, and placed 
into a phytotron. Knop's nutrient solution served as a 
nutrient mixture. It was poured on the convenes into 
which the pots with sprouts had been placed. Plants 
were grown under long-day conditions of 16 h of light 
of 93 W m~2 at the temperature of 22 °C., and of 8 h of 
darkness at the temperature of 18 °C. 

In the field experiments, plants were grown in 
plots of 3 x 10 m in four repetitions in the field of 
Estonian Agricultural Academy. In 1984, the seeds 
were sown on May 8 and they sprouted on May 15. They 
were grown in two different soil conditions of nitrogen 
content - 50 kg N ha~l and 150 kg N ha~l. In the spring 
of 1987, the seeds were also sown on May 8 but they 
sprouted a day later - on May 16. The • plants of cv 
'Leningradka' were grown in three different conditions 
of mineral nutrition (look materials and general methods 
p. 9). 

The plants of cv 'Arkas' were grown under the 
conditions identical to those of the control plants 
(Var. 1) of cv 'Leningradka'. 

The determination of the L-phenylalanine 
ammonia-lyase activity 

The fresh material . (0.5 g) fixed in liquid nitro­
gen was homogenized in 5 ml 0.05 M Tris-HCL buffer 
(pH 8.7). The homogenate was centrifuged at the tem­
perature of 4 °C for 15 min. at the rare of 12.000 
g min~l. The supernatant was passed through the Se-
phadex G-25 (medium) column with 0.05 M Tris-HCl 
buffer (pH 3.7) to remove phenolic compounds. The PAL 
activity was determined in combined protein fractions. 
The formation of cinnamic acid from L-phenylalanine 
was measured spectrophotometrically (ZUCKER, 1965). 
The reaction mixture used contained 5.0 ml of 0.0 5 M 
Tris-HCl buffer (pH 8.7), 1.0 ml of enzyme extract 
and 0.2 ml of 0.1 M L- phenylalanine. The amount of the 
cinnamic acid formed was measured at 290 nm at the 
temperature of 37 °C at 30-minute intervals in the 
couri'io of 90 minuteu. Under thorse conditions, the PAL 
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activity was linear in time for at least two hours. Ihe 
control mixture contained, instead of the enzyme ex­
tract, the same amount of buffer. The activity of PAL 
was expressed in the amount of pg cinnamic acid formed 
in 1 min per 1 g of fresh mass (in tables - PAL total) 
or in the amount of pg cinnamic acid per 1 mg of pro­
tein (PAL specific). 

The same method was adapted for the assay of ty­
rosine ammonia-lyase, with controlled pH and tempera­
ture - the absorbance of both tyrosine and p-coumarate 
is affected by a temperature-sensitive phenolic ioniz­
ation. On determining the TAL activity, the reaction 
mixture contained 4.9 ml of 0.05 M Tris-HCl buffer (pH 
8.7), 1.0 ml of enzyme extract and 0.3 ml of the satu­
rated solution of tyrosine (Reanal) in 0.05 M Tris-HCl 
buffer (pH 8.7). The TAL activity was assayed by 
measuring at 308 nm the amount of ug p-coumarate form­
ed per 1 gram of fresh mass or per 1 mg of protein. The 
activity of peroxidase was determined as described 
elsewhere in the present collection of papers (p. 70). 

The determination of the content of soluble 
phenolic compounds 

In the laboratory experiments, 2 g of fresh ma­
terial was homogenized with 10 ml of 96 % ethanol, then 
extracted for 30 min and centrifuged for 15 min at the 
rate of 8.000 g min"!. т>,е precipitate was, in addi­
tion, twice extracted with 5 ml cf 96 % ethanol. Super-
natants were gathered and the extract of phenolic com­
pounds was brought up to 2 5 ml by adding 96 % ethanc-l 
to it. 

In the field experiments, phenolic compounds were 
extracted from dry material. Plants were fixed in a 
thermostat at the temperature cf 10 5 rС for ? hours and 
then at 60 °C for 24 hours. 0.5 g of dry material was 
three times (for 2 hours each) extracted with 20 ml of 
85 % ethanol in a flask with a vertical cooler over the 
boiling water-bath. The extracts were combined and 
brought up to 50 ml by adding 85 % ethanol to them. 

In the extracts obtained, the content of phenolic 
compounds was determined with the Folin-Denise reagent 
as equivalents of ferulic acid in mi lligram-s per 1 g 
of fresh or dry mass. The content of ethanol-soluble 
phenolic compounds was determined from two weighings, 
both in three repetitions, the content of bound phenolic 
compounds was determined from one weighing in two 
repetitions. The err.or in determining the content of 
bound phenolic compounds did not exceed 8.5 %. 

The content of lignin was determined in dry ma­
terial by the method of Johnson as described above 
(MIIDLA et al., p. 55). 

The content of protein, was determined after 
LOWRY et al., 1951. The protein was precipitated with, 
5 % trichloroacetic acid. 
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Results 

The properties of L-phenylalanine 
ammonia-lyase of wheat 

The optimum activity of the enzyme in wheat 
leaves at the temperature of 37 °C in the Tris-HCl buf­
fer was found under the conditions of pH 8.7 (fig. 1) 

г L 

PAL 
activity 
(relative 
units) 

1,5 . 

1 1 

8 9 pH 

Fig. 1. The connection of the activity of PAL with pH 

X. 
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at the substrate concentration of 2 mM (1.5 - 2.5 mM) 
(fig. 2). The activity of tyrosine ammõnia-lyase (TAD 

PAL 
activity 
(relative 
units) 

8 CL -PheJmM 2 4 6 

Fig. 2. The connection of the activity of PAL with the 
concentration of /.-phenylalanine 

in wheat was also found. The ratio of the activity of 
PAL to that of TAL varied to a large extent - from 5.0 
to 12.8 (tab. 1) - in the leaves of the plants of dif­
ferent age and grown urider different conditions of 
mineral nutrients, but in all the plants analyzed the 
activity of PAL was considerably higher than that of 
TAL. 
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Table 1 

The total activity of PAL and TAL in the 

leaves of wheat (tfg.min_1g_1f.m.) 

Variant Days after PAL TAL PAL/TAL 
germinating 

Var. I 14 2. .14 0. 32 6. . 7 

Var. II 14 2. .15 0. 29 7 . . 4 

Var. I 20 2. . 94 0. 23 12. . 8 

Var. II 20 2. . 66 0. 51 5. . 2 

Var. I - plants grown in the Knop solution 
Var. II - plants grown in the Knop solution with 

a twice higher content of N 

The activity of PAL and the content of phenolic 
compounds during the germination of wheat 

In ungerminated seeds, the ;activity of PAL was prac­
tically nonexistent but in the seeds which had germi­
nated for 2 4 h, the activity of the enzyme was quite 
noticeable, and after five days of germination, the 
enzyme was observed in the first leaves of the plants 
(tab., 2). When the growth of leaves ended, the activ­
ity of the enzyme decreased. The content of ethanol-

Table 2 

The activity of PAL (total-|jg.min ^g 1 f.m; specific-

lug.min 1 mg 1 protein), content of ethanol soluble phenolic 

compounds (mg.g 1f.m.) and content of protein (mg g 1 f.m.) 

in case of wheat germination* 

Days PAL Phenols Protein Dry 
after 
germi­
nating 

content content mass 
1st 

leaves 

after 
germi­
nating 

Total 
act. 

Spec. 
act. 

content content mass 
1st 

leaves 

0 0.02 - 1.66 -

1 1.75 - 1.72 -

5 8.79±0.13 2. 00 2. . 81 + 0.09 4. 39 5. 9 
10 10.20 ±0.16 2. 97 1. . 44 + 0.03 3. 43 7 . 6 
15 7.34±0.82 4.95 1, .25+0,01 1.48 7. 5 
20 1.50±0.05 1.06 1. ,06±0.02 1.42 7 . 2 

* Beginning with the 5th day of growth, all the analy­
ses were made from the 1st leave, before that, the 
embryo as a whole was used for the experimental ma­
terial. The average from 30 leaves was used for de­
termining the mass of the leaves. 
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soluble phenolic compounds at first increased during 
the germination of wheat reaching its maximum on the 
5th day of germination, and, thereafter, decreased con­
tinually for the whole 20-day period investigated. 

The ontogenetic variability of the 
activity of PAL in wheat 

The activity of the enzyme was analyzed in the 
upper (fourth) and lower (first) interhodes of the 
stalk and in leaves of wheat ät different stages of 
plant development. 

In leaves, the activity of PAL decreased from the 
phase of sprouting up to the phase of booting and then 
remained practically stable throughout the phase of 
flowering (tab. 3). The activity' of PAL in leaves was 
lower than in stalks in all the phenophases. 

According to the data obtained during the vegeta­
tion period of 1984, the total activity of PAL in both 
the upper and the lower internodes decreased contin­
ually but the specific activity of the enzyme in the 
lower internode was maximal in the £>hase of booting 
and decreased then until the plant reached dough ripe­
ness. In the upper internode, both the total and the 
specific activities of PAL decreased continually to­
gether with the increase in the age of the plant. In 
the upper internode, the activity of PAL was higher 
than in the lower internode (tab. 3). 

According to the data of the year 1987, both the 
total and the specific activities of PAL in the lower 
internode of the stalk increased beginning with the 
phase of sprouting, reached their maxima at the end of 
the phase of stalking after which the activity of the 
enzyme decreased until the end of the vegetation period. 
In the fourth internode, both the total and the speci­
fic activities of PAL were considerably lower in the 
phase of flowering than in the phase of booting. In the 
fourth internode, the total activity of PAL was no­
ticeably higher than in the first internode. All the 
above-mentioned regularities hold good in case of cv 
'Leningradka' (Tab. 4) as well as cv 'Arkas' (tab. 5). 
In case of the more lddging-re.sistant cultivar 'Arkas 
the total and the specific activities of PAL in the 
lower internode were higher from the end of the phase 
of stalking than in cv 'Leningradka'. In the upper in­
ternode, reversely, the activity of PAL was higher in 
cv 'Leningradka' than in cv 'Arkas'. 
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Table 5 

The activity of PAL (total - p g min 1 g 1 f.m.; 

specific - Mg min mg protein) and content of protein 

(mg g 1 f.m.) cv 'Arkas' during the 

ontogenesis 1987 

Organ Phenophase Days PAL activity 
after 

1st 
inter­
node 

sprout­
ing 

Total Spec. Protein 
content 

Tillering 23 0, .06 + 0 

О
 

О
 0 .00 23 .46+0.00 

Tillering 32 2, . 38±0 .01 0 .2010 .00 15 .12±0.00 

Stalking 42 2, .29 + 0 о
 

en
 

0 .17 + 0 .00 13 .14±0.23 

Stalking 53 17 .10±0 .10 5 .43+0. .01 3 .15+0.07 

Booting 63 5 . 2 3± 0 .00 1 . 82 2 .88+0.01 

Flowering 74 3. 99±0. .01 1. 58±0. 00 2. , 52±0.00 

Booting 63 23. 93 + 0. , 48 2. 12±0. 00 11. . 31 + 0.03 

Flowering 74 6. 2 3±0. , 01 1. 49±0. 00 4. . 17 ±0.0 3 

4th 
inter­
node 

The dynamics of phenolic compounds and the 
content of protein.during the period of vegetation 

According to the data obtained, in the lower inter­
node of the st4lk,: the content i;of ethanol-soluble 
phenolic compounds increased slowly from the phase of 
stalking (2.28 mg g"l dry mass) up to that of milk 
ripeness (.5.8 8 mg) in case of cv ' Leningradka' . In case 
of cv 'Arkas', the content of phenolic compounds showed 
a similar tendency to increase - from 2.35 mg g~i dry 
mass in the phase of stalking up to 6.8 mg in the phase 
of milk ripeness (tab. 6). In the upper internode, con­
trary to the lower one, the content of soluble phenolic 
compounds decreased during the last phases of ontogeny. 

The content of lignin was determined only from the 
stalks of cv 'Leningradka'. According to the data obtain­
ed, the content of lignin increased during the ontogeny 
(tab. 6). In the lower internode, lignin constituted 55 
mg g~l of dry mass at the beginning of the phase of 
stalking. During the phases .of stalking and booting, 
lignin was intensively deposited in cell walls - in the 
phase of booting lignin constituted 209 mg g-1 of dry 
mass and in the phase of ripening its content reached 
226 mg g~l of dry mass, i.e. lignin constituted 23 % of 
dry mass. The content of lignin in the upper internode 
was lower than in the lower internode - in the phase of 

94 



Table 6 

The content of lignin and in ethanol soluble phenolic 

compounds (mg g ' dry mass) in wheat stalk in case of 

different mineral nutngnts, 

Cv Phenophase Days 1st inter- 4th inter-
Var. after node node 

sprout 
ing Lignin Soluble Lignin Soluble 

phenolic phenolic 
compounds compounds 

1Lenin­ Tillering 32 - 2.28 - -

gradka' 
Stalking 42 55 2.41 - -

I Stalking 53 70 3.67 - -

/Booting 63 209 4. 12 - 5.09 

Flowering 74 244 4.60 94 7. 90 

Ripening 97 266 5. 88 1 16 5.10 

II Tillering 32 - 4.50 - -

Stalking 42 69 5.20 - -

Stalking 53 89 5.58 - -

Booting 63 182 5.76 - 7.20 

Flowering 74 166 5.90 110 4.88 

Ripening 97 241 7.91 161 4.30 

III Tillering 32 - 3.50 - -

Stalking 42 175 4.71 - -

Stalking 53 1 82 4.91 - -

Booting 63 1 84 5.29 - 6.50 

Flowering 74 202 5.30 100 6.20 

Ripening 97 228 10.44 236 4.40 

'Arkas1 Tillering 32 - 2.35 - -

Stalking 42 - 3.13 - -

Stalking 53 - 3. 82 - -

Booting 63 - 3.77 - 5.90 

Flowering 74 - 4.70 - 4.85 

Ripening 97 - 6.80 - 3.10 
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. . . .  .  - 1  ripening lignin constituted 116 mg g of dry maas, 
i.e. 12 % of the dry mass of the upper internode. 

According to the data obtained during the vegeta­
tion period of 1987, the content of protein in stalks 
decreased continually together with an increase in the 
age of plants (tab..4, 5). (The data obtained in 1984 
were not so definite - see tab. 3). In the upper inter­
node , the content of protein was higher than in the 
lower internode. In leaves, the content of lignin in­
creased from the phase of sprouting up to the phase of 
flowering (tab. 3). 

The influence of mineral nutrition on the activities 
of PAL and PO and on the content of phenolic compounds" 

in Wheat plants 

The results of the experiments of both 1984 and 
1987 indicate that the heightened nitrogen concentra­
tion in the nutrient medium (as indicated in "Methods" 
of the present paper) increased the total activity of 
PAL in the leaves and stalks of wheat plants (tab. 3, 
4, fig. 3). In the conditions of the increased nitro­
gen content, the activity of PAL per unit of protein 
also increased. The experiment of 1987 constituted an 
exception - the activity of PAL per unit of protein in 
the upper internode was higher in the unfertilized var­
iety. The reason may have been an exceptionally low 
protein content of the upper internode of the unfertil­
ized variety (tab. 4). The heightened nitrogen concen­
tration in the nutrient medium also lengthened the 
period of the high PAL activity in plants - in case of 
var. 1 and 3, and of cv 'Arkas' (tab. 5), the activity 
of PAL in the lower internode had already markedly de­
creased by the phase of booting when in var. 2 the en­
zyme still retained its maximal activity. The addition­
al amounts of potassium in the nutrient medium (var. 3) 
also increased the total activity of PAL (tab. 4, fig. 
3) but only in the lower internode. 

As regards soluble PO, its total activity and the 
activity per unit of protein increased in the lower 
internodes of the plants of var. 2 and 3 in all the 
phenophases investigated (tab. 7), but in var. 3 the 
increase in its activity per unit of protein was con­
siderably smaller than in var. 2. In the upper inter­
node, its total activity increased in the plants of 
both var. 2 and 3 but its activity per unit of protein 
remained practically stable. 

As to ionically bound PO, its total activity_ in 
the lower internode increased in the plants receiving 
additional amounts of nitrogen and potassium but its 
activity per unit of protein was in var. 3 higher than 
in var. 2. In the upper internode, its total activity 
increased, but the activity per unit of protein remain­
ed stable or even decreased. 
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97 days 

13 

Fig. 3. The activity of PAL (ng.mirT1 g_1 f.m.) and the sum­

mary activity of PO (pmol min"1 g"1 f.m.) in the first 

internode of wheat grown in different conditions of min­

eral nutrients 
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During the vegetation period there was no change 
in the dynamics of the PO activity in the plants grown 
under different conditions of mineral nutrition (fig. 
3). 

As to soluble phenolic compounds, their content 
in the lower internodes of the plants of var. 2 and 3 
appeared to be higher than that of the plants of var. 
1 grown without additional fertilization in all the 
stages of development investigated (tab. 6). In the 
upper internodes of the plants of var. 2 and 3, their 
content was higher only in the phase of booting, in 
the phases of flowering and dough ripeness it was lower 
than in the plants of var. 1. 

The content of lignin in the lower internodes of 
plants given additional amounts of nitrogen was some­
what higher in the phase of stalking, but lower in the 
phases of booting and flowering than in the plants of 
var. 1. The results of the analyses indicate that po­
tassium promotes the quick deposition of lignin al­
ready in the early stages of the development of the 
stalk in the phase of stalking (tab. 6). By the phase 
of ripening, the content of lignin in all the varieties 
reached practically the same level. In the upper inter­
node, the content of lignin in the plants of var. 2 
and 3 was higher than in the plants of var. 1 in the 
phase of ripening. 

The protein content in the leaves and stalks of 
the plants given additional amounts of nitrogen was 
higher than in var. 1 (tab. 3, 4). The upper internodes 
of the plants given additional amounts of potassium 
also contained more protein than those of var. 1 plants 
but the lower internodes of the plants of var. 1 and 3 
contained practically equal amounts of protein (tab. 4). 

The growth of plants was more intensive on the 
soil given additional amounts of potassium and es­
pecially of nitrogen than on the soil without addi­
tional fertilization - the height of plants, dry mass 
per plant and the diameter of stalks all increased 
(tab. 8). In all the conditions of mineral nutrition, 
plants grew intensively until they reached the phase 
of flowering. Than the growth in height practically 
stopped (fig. 4). 
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32 53 97 days 

Fig. 4. The total length of wheat plants in different conditions 
of mineral nutrients (var. I - III cv 1 Leningradka', var. 
IV cv 1 Arkas') 

Discussion 

To discuss the regulation of metabolic flux in 
the phenylpropanoid pathway, the knowledge of the kin­
etic properties of the enzymes of this pathway is re­
quired. The pH optimum of the activity of PAL - the 
key enzyme in the phenylpropanoid pathway - in wheat 
was established in the alkaline medium at pH 8.7. Ac­
cording to the literature, the optimum of the PAL ac­
tivity in other plants has also been found in the al­
kaline medium within the pH range of 8.0 - 8.6 (O'NEAL 
and KELLER, 1970). No shift in the pH optimum was ob­
served with t-tyrosine. 

The experiments we carried out indicated that in 
the conditions of an excess of substrate, the activity 
of the enzyme decreased - the concentration optimum of 
L-Phe was located in the interval of 1.5 - 2.5 mM 1-Phe. 
According to the literature, the negative co-operative 
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effect with the given substrate has previously also 
been observed (JONES, 1984). The decrease in the activ­
ity of the enzyme at high concentrations of the sub­
strate may be caused by the inhibition with the reac­
tion product - cinnamic acid - and with other compounds 
of similar structure (p-coumaric acid, sinapic acid, 
caffeic acid) formed in the phenylpropanoid pathway 
(KUDAKASSERIL and MINOSHA, 1984). 

In our experiments, we also determined the activ­
ity of TAL. The activity of TAL has been found in a 
number of grasses and an opinion has been expressed 
that the activity of TAL in monocotyledons may account 
for a large p-coumaric alcohol content in the lignin 
of these plants (WEISSENBÖCK, 1976). L-tyrosine which 
is not converted to lignin in gymnospeniis and most angiõsperms 
is by grasses efficiently transformed into hydroxyphe-
nylguaiacyl and -syringyl units of lignin and also into 
the esterified p-coumaric acid (HIGUCHI et al., 1967). 
It has not been ascertained whether PAL in wheat is an 
enzyme with a wide substrate specificity so that a 
single active site can act oh both Phe and Tyr as has 
been established for the maize enzyme (HANSON andHAVIR, 
1981) or whether PAL and TAL are two different proteins. 
Neither can the results of our experiments clarify the 
matter. In the laboratory experiments, the ratio of 
activities (PAL/TAL) varied from 5.2 to 12.8. According 
to the literature, different assays may give different 
ratios (EMES and VINING, 1970) - the absorbance of 
both tyrosine and p-coumaräte is affected by tempera­
ture sensitive phenolic ionization. In addition, it 
has also been established that although the activity 
of PAL is usually higher than that of TAL, the ratio 
of PAL/TAL depends on the light conditions of plants, 
the type of tissue and the age of plants (iGUERRA et 
al. , 1985). 

The results obtained from our experiments indi­
cate that the activity of PAL during the ontogeny of 
wheat changes greatly. In ungerminated seeds, the ac­
tivity of PAL is practically nonexistent. The appear­
ance of the activity of PAL on germination has been 
accounted for by the induction with a functionally ac­
tive form of phytochrome formed in light which in­
creases the expression of the PAL gene (MOORE, 1979) 
while the PAL synthesis .de novo considerably exceeds 
its degradation (FOURCROY, 1980). An increase in the 
PAL activity on germination has also been explained by 
the activation of the inactive molecules of the enzyme 
on the decomposition of the specific proteinous in 
hibitor (ZUCKER, 1971). 

Changes in the activity of PAL in the lower inter-
node of the wheat stalk during the period of vegetation 
appeared to be to a certain extent analogous with 
changes in the activity of the enzyme during germina­
tion. Before stalking, the activity of the enzyme in 
leaf sheats was low, during the phase of stalking the 
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activity increased, reached its maximum by the end of 
the phase of stalking and then begart to decrease. 
GUERRA et al (1985) have also demonstrated that the 
activity of PAL in wheat plants increases until the 
plants reach the age of 40-50 days and then begins to 
decrease. The quick increase in the activity at the 
beginning of the development of plants and the de­
crease in it during the senescence of plants are char­
acteristic of anabolic enzymes. The opinions of the 
authors about the reasons for the active decrease in 
the activity of PAL in older plants differ: some con­
sider it the result of the quickened degradation of 
enzymatic protein (SACHER, TOWERS, 1972), some think 
that the slowing-down in the synthesis of the enzyme 
also contributes to it (SHIELDS et al., 1982). 

To interpret the changes in the activity of PAL 
that occur during the growth and development of plants 
under different conditions of mineral nutrition, the 
content of ethanol-soluble phenolic compounds and of 
lignin were determined in our experiments. During ger­
mination, parallel to an increase in the activity of 
PAL, the content of soluble phenolic compounds also 
increased. These data agree with those published in 
literature about the positive correlation between the 
changes in the activity of PAL and the formation of 
phenolic compounds (SHAH, METHA, 1980; WELLMANN, 1974; 
DAVIES, 1972; WESTCOTT and HENSHAW_, 1976). 

According to the literature, it may be stated that 
the activity of PAL is relatively high in lignifying 
tissues of various plant stems (RUBERY and NORTHCOTE, 
1968) and that its rise and growth in stalks may be 
regarded as an indicator of the formation of the el­
ements of xylem and of the lignification of cell walls 
(GROSS, 1981). Our experiments showed the high ac­
tivity of PAL in stalks during the phase of stalking 
and especially at the end of it, and the same period 
saw the most intensive deposition of lignin in stalks. 
Several authors (KEVERS and CASPAR, 1975; VANCE, 1976; 
GUERRA et al., 1985) have demonstrated an increase in 
the activity of PAL in lignifying tissues. 

The contamination of the plants, characterized by 
the intensive biosynthesis of lignin, with pathogenes 
is accompanied by the activation of PAL and other en­
zymes of the phenylpropanoid pathway CMAULE, RIDE, 
1976; VANCE, SHERWOOD, 1976). Our data show that in 
wheat leaves where the amount of lignin deposited is 
smaller than in stalks, the activity of PAL is also 
lower. In the upper internode it turned out to be high­
er than in the lower internode. This regularity may be 
connected with the fact that the fourth internode is 
formed only in the phase of booting and, therefore, the 
biosynthesis of lignin in it must proceed more quickly 
than in the first internode. 

When the activity of PAL and the speed of growth 
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were compared, it turned out that the growth of plants 
slowed down in the phase of flowering — consequently, 
the activity of PAL decreased already in plants still 
growing intensively. 

The regulation of the biosynthesis of phenolic 
compounds and especially that of lignification in vivo 
is still practically unknown. The lignin content and 
composition in early and late wood and in the middle 
lamella of fibers and vessels differ (SCOTT et al., 
1969). The results of our experiments indicate that 
the conditions of mineral nutrients influence the con­
tent of phenolic compounds and the activity of PAL and 
PO - enzymes participating in their biosynthesis. In 
the stalks of plants additionally fertilized with ni­
trogen and potassium, the activity of PAL and PO were 
higher than in the stalks of the plants of var'. 1. Not 
only the total activity of the enzymes but also their 
activity per unit of protein increased, therefore, we 
may suppose that an increase in the number of enzyme 
molecules takes place in the total amount of protein. 

It has been established that the activity of the 
enzymes of the biosynthesis series of phenylpropanoids 
(such as PAL, cinnamyl CoA ligase, cinnamyl 4-hydro-
lyase etc.) changes co-ordinately (EBEL et al.-, 1974; 
HAHLBROCK, GRISEBACH, 1979; RHODES et al., 1976) and 
in vivo these enzymes are found as complexes (STAFFORD, 
1981). Therefore, we may suppose that in the stalks of 
plants grown in the conditions of heightened mineral 
nutrition, the activity of other enzymes of the bio­
synthesis of phenylpropanoids also occurs. The higher 
activity of PAL' in plants grown in these conditions 
was associated with the. higher content of soluble 
phenolic compounds. 

The combinations of mineral fertilizers used did 
not influence materially the amount of lignin deposited 
in the cell walls of the first internode by the phase 
of dough ripeness, but they did influence the speed of 
the lignin deposition which is considered essential for 
increasing the lodging resistance of wheat plants 
(LYASKOVSKI, KALININ, 1977). The additionally ferti­
lized wheat plants had a higher activity of PAL and 
more lignin deposited in the phase of stalking than 
the plants of var. 1. WEISSENBÖCK (1976) shows that 
the maximum activity of PAL does not correlate with 
the amount of lignin but with the intensity of the 
process of lignification. In the plants... with the 
heightened content of potassium, the quick process of 
lignification at the beginning of ontogeny is accom­
panied by the high activity._of the ionically bound PO 
in both the lower and the upper internodes. 

Few data can be found in the literature concerning 
the influence of mineral nutrition on secondary meta­
bolism and on the formation of cell walls. MENGEL (1965) 
shows that potassium promotes the lignification of cell 
walls and increases their diameters. The heightened 
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concentration of nitrogen in the environment increases 
the protein content and decreases the content of " sol­
uble phenolic compounds (HAHLBROCK, 1975; SHAH, METHA, 
197 8; LYASHENKO, 1983). The results of our experiments 
did not show an inverse correlation between the pro­
tein content and the content of phenolic compounds. 

The reason why our data differ from those publish­
ed in literature may rise from the fact that the plants 
analyzed were undergoing different stages of develop-, 
mant. MILLER et al. (1985) argue that in lettuce plants 
two phases of lignification can be distinguished. In 
the first phase, the differentiation of cells and an 
increase in the content of phenolic compounds take 
place. In the second phase, an intensive xylogenesis 
and deposition of lignin occur and the content of sol­
uble phenolic compounds decreases because they are 
used up in the biosynthesis of lignin. The majority of 
scientific papers does not take into consideration the 
number of phenolic units deposited in lignin, although 
during the biosynthesis of lignin greater part of the 
phenolic compounds synthesized is used up. Neither can 
we exclude the possibility that by the biosynthesis of 
protein and phenols, different pools of amino acids 
exist (Phe, Tyr) (MARGNA, 1977). Recently it has also 
appeared that standard methods for the determination 
of PAL lead to the measurement of both L-phenylalanine 
amino-transferase (EC 2.6.1.1 PAT) and PAL activities 
together (DA CUNHA, 1987). 

Consequently, further systematic investigations 
are needed on the regulating mechanism of enzyme syn­
thesis , on the compartmentation and the genetic con­
trols of phenylpropanoid metabolism during differenti­
ation and on the influence of the environment on plant 
tissues. 
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HISTOCHEMICAL METHODS IN THE 

DETERMINATION OF THE LIGNIFICATION PROCESS 

H. Miidla, A. Hellenurme, A. Tänav, R. Tänav 

Introduction 

When studying the process of lignification by 
biochemical methods use can be made of many histochemi-
cal ones which show the location where processes are 
detected and simultaneously their presence is notice­
able. The histochemical method is much more convenient 
and easy in that it is based on colour reactions and 
shows the process directly in situ in the structural 
tissues. 

The classical histochemical method used for the 
determination of lignification in cell walls in situ is 
the phloroglucinol in HCl manipulation. The lignin and 
lignin-like compounds detected with phloroglucinol/HCl 
give a raspberry-red coloration after reaction with p-
hydroxycinnamyl aldehyde moieties in the lignin polymer 
(ADLER et al., 1948; ROBERTSEN, 1986). 

Using the polarizing microscopy we can better de­
termine and measure the structural elements of the 
tissues. It is well-known that the lignified cell walls 
are more polarized (ALKIN, BURDIC, 1975). 

Some authors (BRABER, 1980; CATESSON et al., 1986) 
agree that the lignification of foliar tissue is ac­
companied by an activation of peroxidase. 

The aim of the present study is to demonstrate 
the localization of the activity of peroxidase, the 
histochemical reaction of phloroglucinol in HCl and the 
intensity of polarization of the cell walls ih the 
first internodes of wheat stalks in connection with the 
process of lignification to explain the importance of 
histochemical methods in our work. 

Materials and methods 

All the material for the examination was taken 
from the midregion of the first internode of the spring 
wheat 1Leningradka1, grown in the field in normal 
conditions in the year 1986. 

Peroxidase activity was determined from the fresh 
material. Small tissue pieces (ca 30 цт) were cut by 
hand with razor blades and transferred into the fresh-
made incubation medium. The incubation medium consisted 
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of 1 ml of saturated NH^Cl, 1 ml of 5 % EDTA, 9 ml of 
saturated guiacol and 1 drop of 3 % ^2°2- Floating sec­
tions were incubated in the medium for 5 min., then 
twice washed in 0.06 M phosphate buffer (pH 5.6) and 
finally placed into the same solution on glass slides 
of a light microscope. Staining orange intensity was 
assessed visually in a 5-grade system. Control sections 
were devoid of НгО^. 

For phloroglucinol reaction and polarizing micro­
scopy the material was fixed in 4 % formalin. 1 cm 
internodes were dehydrated through an ethanol series , 
embedded in paraffin, sectioned transversely at 20 ym 
on a sledge microtome and mounted on glass slides and 
then were deparaffinized with xylol, ethanol and dis­
tilled water. 

The sections were stained for lignified cell walls 
with acid phloroglucinol. This stain reacts with 
lignin, contributes to the measurements of cell walls 
in which secondary wall formation had occured. Alde­
hydes react with phloroglucinol, and lignified parts 
stain raspberry red. Control segments were incubated 
in water. Staining intensity was processed visually in 
a 5-grade system under light microscope and prepara­
tions were photographed. 

Deparaffinized preparations were examined under po­
larizing microscope. Areas of the tissues were esti­
mated from lengths , widths, diameters and were photo­
graphed for producing direct positive images. 

Results 

Table 1 

Dimensions of the structural elements of wheat stalk 

(x. 10 2 mm) 

Date of 
analysis First internode Fourth internode 

Structure 
element 18. 06 09. ,07 20.0 7 12, . 08 0 9.07 20, .07 12.С 8 

6 of vascu­
lar bundles 19 20 21 22 17 15 16 

number of 
vascular 
bundles on 
j U mm2 4 5 4. 5 4. 5 3.5 3. 5 3 

v* ö Г large 
x . 1 i,uular 
i'lllul 1 i'S 4 4 4. 5 4. 5 4.5 3 

Л of mocha-
nii1. 1 1 I I ng 8 11 14 
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Date of 
analysis First internode Fourth internode 

Structure 
element 18. 06 09.07 20.07 12. 08 09.07 20. 07 12.08 

number of 
parenhymal 
cells 17 24 23 23 31 30 32 

cell wall 
thickness of 
parenhymal 
cells 1 .12 1.12 - 1 . 52 0.72 - 1.32 

cell-wall 
thickness of 
mechanical 
tissues 1 .12 1.40 - 1 .83 

Table 1 shows the dimensions of structural el­
ements of the internodes of wheat-stalks. It seems 
that the elements of the foufrth internodes do not 
obtain such dimensions as those of the first internode. 
It means that under the weight of the head they might 
break. The number of parenhymal cells is greater than 
in the tissues of the first internodes. 

The polarizing microscope shows that the mechan­
ical ring of the first internode (fig. 1) is thicker 

Fig. 1. Polarizing micrograph of the first internode cross section 
of a wheat stalk (x 100) 
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Fig. 2. Polarizing micrograph of the fourth internode cross sec~ 
tion of a wheat stalk (x 100) 

Fig. 3. Light micrograph of a cross section of the first internode 
of a wheat stalk in the phase of full ripeness stained with 
phloroglucinol in HCl (x 600) 
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Fig. 4. Light micrograph of a cross section of the first internode 
of a wheat stalk in the phase of stalking (stained with 
phloroglucinol in HCl) (x 600) 

Fig. 5. Visualization of peroxidatic activities of the first inter­
node cross section of a wheat stalk in the phase of full 
ripeness (Substrate guaiacol +H202 x 600) 
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Fig. 6. Visualization of peroxidatic activities of the fourth inter­
node cross section of a wheat stalk in the phase of stalk­
ing (Substrate guaiacol +H202, x 600) 

than that in the fourth one (fig. 2). In the fourth 
internode there are sets of unlignified parenhymal 
cells that are able to photosynthesize. 

Histochemical tests for lignin with phloroglucinol 
in HCl, a test for cinnamaldehyde erid groups,: gave a 
positive raspberry-red coloration indicating the pres­
ence of lignin. 

The strongest reaction was given by the cell walls 
of wheat stalks in the phase of full ripeness (25.08., 
fig. 3) and the smallest in the phase of stalking 
(14.06. , fig. 4). 

Histochemical demonstration of peroxidase activ­
ities occurred only in the walls of differentiating 
and lignifying cells. There was no reaction when 
guaiacol was used alone without H^C^. The guaiacol 
staining of the cell walls was much more observed in 
differentiating cell walls (fig. 5) than in the little-
differentiated walls (fig. 6, compare also fig. 3 and 
4). 

Discussion 

The results presented here show that the final 
step of lignin biosynthesis takes place .in the apo-
plast. This confirms the findings of GOLDBERG et al., 
1985. 
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They found a good correlation between the dis­
tribution of peroxidases involved in the oxidative 
polymerization of lignin and that of the hydrogen per­
oxide generating system: both were restricted to 
lignifying tissues. 

We, in our experiments , could find correlation be­
tween histological localization and biochemical assays 
of peroxidases (compare our papers 4- and 6) only in 
the final stage, but not in the first step of lignifi­
cation (compare fig. 3-6). 

Peroxidases were observed in the. earlier stages 
and as shown here, they were localized in the inner 
wall layers. The activity of the peroxidase in the cell 
wall specifically suggests its role in cell wall for­
mation. 

HADDON and NORTHCOTE (1976) also showed, that wall 
peroxidase activity was high even in tissues not under­
going lignification, or at least did not show the 
classical phloroglucinol-lignin reaction (compare fig. 
3-6). 

To sum up the histochemical methods are of good 
evidence in comparison With the determination of 
lignification with biochemical methods. It must be 
mentioned that histochemical activities of peroxidase 
in the cell walls of young giants do. not correlate 
with the results of biochemical analyses of the activ­
ity of peroxidase. But in the cell walls of mature plant 
(in lignified cell walls) there exists a strong corre­
lation between histochemical activities of soluble peroxidase. 
Phloroglucinol reaction is in a positive correlation 
with the results of biochemical analyses in the deter­
mination of lignin. 

The presence of peroxidases in unlignified parts 
of vessel walls is still unexplained. Otherwise, en­
zyme activity in xylem and fiber walls is in accord­
ance with its role in lignification processes. Lignin 
content is higher in the primary wall where peroxidase 
activity is also the most important and the most last­
ing. According to the current hypothesis (VAN HUYSTEE 
and CAIRNS, 1982) the enzymes are probably synthesized 
on endoplasmatic rediculum ribosomes and then proceed 
via the Gdgli apparatus. In this case they would dis­
charge either into the vacuoles or into the periplasmic 
space. 

In wheat vessels, a strong reaction was seen in 
the whole secondary wall. 
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THE INFLUENCE OF THE CONDITIONS OF GROWTH ON THE 

DEVELOPMENT OF BARLEY 

T. Tiidt 

In connection with the development of intensive 
land cultivation in Estonia, more attention must be 
paid to the environmental protection dnd economical 
utilization of energy than has been done hitherto. 
Studies of individual agricultural methods are of 
little efficiency and, therefore, multifarious re­
searches into their complex influence on the growth 
and development of plants are of primary importance. 
Regardless of the fact that complex experiments with 
many factors are rather labour-consuming, there seem 
to be no better ways for obtaining data on production 
conditions. 

In 1982, the first complex experiments were begun 
at Eerika, in the Estonian SSR, in the experimental 
fields of the Department of Soil Cultivation of the 
Estonian Agricultural Academy, with the aim of clar­
ifying the influence of crop rotation and various 
methods of soil treatment (common and minimized) and 
complex weed control on the physical, chemical and bio­
logical properties of soil, its weedii>ess, yield 
structure, chemical composition, plant diseases, etc. 

Estonian scientists LAURINGSON and VIPPER (1986) 
have shown that deeper ploughing makes the air and 
water regime in soil more favourable to the growth and 
development of plants, and the use of herbicides with 
variants ploughed•with a disk harrow adds to the yield. 
Our experiments of the year 1982 showed that deeper 
ploughing (the depth of 21... 22 and 24...25 cm) had a 
positive effect on the yield of grain crops (an in­
crease in yield - 15.5...23.5 % compared to that of 
the ploughing depth of 16...17 cm). 

The highest and quantitative yield of winter rye 
(4.2 t/ha) was secured in the rotation of crops after 
black fallow, after field grass fallow the yield was 
3.7 t/ha, and after early barley fallow - 3.4 t/ha. 
The grains of rye cultivated on black fallow contained 
1.2...1.4 % more protein than these grown on field 
grass and barley fallows. 

The biological activity of soil (the separation 
of CO-2 from the soil) was the highest (472 . 7 . . . 518. 3 
tog/m3 per hour) in case of rotation 2 in the year 1985 
(see the rotation of crops in Material and Methods) 
when the number of earthworms /was 'also the highest 
(771 worms/ha). 
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As-in literature few data can be found concerning 
the influence of longtime crop rotation on the physio­
logical and biochemical indices of cereals, the aim of 
the present paper is to offer such information based 
on the results of our experiments of the years 1982 to 
1985. 

Material and methods 

The experiment included the following rotations 
of crops: 

Year 

Rotation 
1982 1983 1984 1985 1986 

R-l mixed 
crop 

early 
barley 

rye barley oats 

R-2 field 
grass 

black 
fallow 

rye barley oats 

R-3 early 
barley 

black 
fallow 

rye . barley oats 

R-4 potato potato spring 
wheat 

barley potato 

R-5 potato early rye barley potato 
barley 

In each dotation the following methods of soil 
cultivation were used: in autumn, shallow ploughing 
with a heavy.disk harrow in the depth of 10...12 cm, in 
spring, the pre-showing treatment - smoothing + harrow­
ing in the depth of 3.. Л cm and cultivating twice in the 
depth of 3...4 cm. In all the fields of rotations three 
depths of ploughing were vised: 16... 17, 21.. 22, and 
24...25 cm. 

The area of the experimental field was 67.5 m2 in 
four replications. In spring, the complex fertilizer 
^80^80^80 kg/ha as an active substance was given to 
the soil. The sowing with the rate of 280 kg/ha was 
carried out on May 7. The plot was rolled. The depth 
of ploughing was 2 5 cm and the content of humus 2.1... 
2.5 %. The bulk density of soil was 1. 35. ..1.40 g/cm3 

and the content of moving elements in 100 g of soil 
was P 6.1 and К 20 m'g. 

In Hay, the precipitation was 7 9 mm, temperature 
exceeded the norm by 3...4 °C. June was cool, precipi­
tation 115 mm. The period of vegetation proceeded under 
the conditions of sufficient or even excessive moisture. 

Examinations and analyses were made with the cul-
tivar of barley 'Julia' in the year 1985. 

The plant material was taken from 100. ^ plants 
(moving across the plot) before noon. An increase in 

118 



the aboveground phytomass, size of the leaf area per 
plant (by measuring its length and width - NITCHI-
POROVITCH et al., 1961), grain yield with the moisture 
content of 14 % were determined. The chlorophyll con­
tent of leaves was determined photoelectrocolorimetri-
cally (PLESHKOV, 1968). Yellow leaves were not used in 
analyses. The indices were determirled at the full 
stages of tillering (June 5), stalking (June, 25) and 
booting (July 15). The grain yield was taken at the 
stage of full maturity. The results were treated 
mathematically: p = U.Ob. 

Results 

In case of all crop rotations, a maximum ploughing 
depth (24...25 cm) increases the phytomass of barley 
at the booting stage by up to 2 2 % (Fig. 1) as com­
pared to a medium (21... 22 cm) and shallow (16... 17 cm) 
ones. In most cases (except R-2) deeper ploughing also 
enlarges the leaf area'by 44.4 % (Fig. 2), and in­
creases the chlorophyll content of a leaf by 10.5 % 
(Fig. 3) as compared to shallow ploughing. The maximum 
ploughing depth increases the length of the leading 
stalk at the booting stage in case of R-4 and R-5 by 
3.9...5.9 % as compared with medium ploughing. A prob­
able increase in yield is obtained by R-l (0.016 t/ha) 
as compared to the minimum depth of ploughing and by 
R-l and R-5 (0.023...0.033 t/ha) as compared to the 
medium depth of ploughing (Fig. 4). 

Discussion 

To obtain maximum yields, all the factors must be 
optimum to meet the biological requirements of plant 
species. At the beginning of growth, a quick formation 
of the organic substance is characteristic of barley -
during the first 10 days in May the dry mass consti­
tutes 10.6 g, by the third ten-day period in June -
215.4 g (KODANEV, 1964). The dynamics of foliage for­
mation is of great importance to the yield production. 
In grain crops, the assimilates leading to the devel­
opment of caryopsides are mainly formed in the flag 
leaf, stalk or spike (MIIDLA, 1984). 

The largest amounts of the aboveground phytomass 
of barley were obtained at the booting stage in all 
crop, rotations: comparing deep ploughing with the 
shallow one, the amount of phytomass increased by 7... 
29.4 %, with the medium one - by 10.8...16.1 %. 

A leaf is the chief organ of photosynthesis. With 
the advance- of the booting stage, the intensity of 
photosynthesis and also yield increase due to an en­
larged leaf area (ALEKSEYENKO, 1968). In leaves with a 
small chlorophyll content, the intensity of photosyn­
thesis grows with an increase in light intensity. The 
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largest leaf areas occur at the booting stage, in all 
crop rotations (except R-2), comparing deep ploughing 
with the shallow >o.ne, the leaf area increased by 
24.7...44.4 %, and in comparison with the medium one -
by 36.0 % (Fig. 2) in case of RT4. Deeper ploughing 
also contributes to the formation of chlorophyll: under 
the influence of R-l, R-2 and R-4, the greatest amounts 
of chlorophyll (2.4...3.0 mg g~l fresh mass) are formed 
at reaching the booting -Stage. In comparison with 
medium-deep ploughing, there is a probable increase in 
the formation of chlorophyll of 17.2 % in case of R-4, 
and of 15.4 % in case of R-5. Fig. 4 shows that deep 
ploughing as compared to the shallow one increases the 
length of the leading stalk of barley at the stalking 
stage under the effect of R-3 by 6.5... 21.8 and at 
the booting stage under the influence of R-3, R-4 and 
R-5 by up to 4.1 %. Comparing the ploughing depth of 
21...22 cm with that of 24...25. cm, the'latter is like­
ly to ensure an increase in the length of a stalk of 
13.1 % "at the stalking stage under the influence of 
r-4, and at the booting stage - of 5.4 % under the ef­
fect of R-4 and-R-5. A probable increase in yield is 
obtained in case of R-l, R-3 arid R-5 (0.015...0.033 
t/ha) by the shallow ploughing as compared to that of 
21....22 cm (Fig. 4, tab. 1, p = 0.0 5), 

Table 1 

The influence of ploughing depths on the grain yield of 

barley (t/ha) in different rotations in 1985 

Ploughing Rotations 
depth cm ; 

R1 r2 •R3 R4 R5 

16 - 17. 3. 62 4г
 

сл
 

4. 20 3. 82 4.10 

21 - 22 3. 50 4.59 4. 32 4.26 3. 33 

24 - 25 3.78 

о
 

со 

4.3 2 3.71 3.72 

P : : 0.05 К0.95 
014 

To sum up, the ploughing depth of 24...25 cm se­
cures a healthy air and water regime in the soil. (i.e. 
conditions of growth) and due to that the growth indi­
ces are also better:, at .the end öf the vegetation 
period, an increase in dry mass, leaf area, chloro­
phyll content of a leaf, length of the main stalk and 
the yield of grain increase. The best conditions are 
ensured by R-l, R-4 and R-5. The reason is that the 
preceding crops - mixed crop, potato and rye well en­
riched with organic matter - increase the fertility of 
soil and, thus, favour the growth and development of 
barley. 
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THE INFLUENCE OF AGROCOMPLEXES ON THE 

GROWTH OF OATS 

T. Tiidt 

It should be mentioned that in Estonia, oats is a 
rare culture in a rotation. But at the same time, due 
to $ts fodder qualities, oats is a better feed fofc 
cattle than barley, proceeding from the structure of 
grain crops cultivation, the growing areä of oats 
Should be increased on account of barley (LOKO, 1987). 

To obtain a high and qualitative yield, it is of 
great importance that the growth conditions of oats 
were optimum at its every stage of growth and develop­
ment". ,iti the system soil-plant-agricultural methods, 
the central place is occupied by the plant. Its re­
quirements must be met by changing its growth condi­
tions. 

To clarify the influence of different soil treat­
ments and rotations on the growth and grain production 
of oats (variety 'Selma') a research into the growth 
dynamics of oats was carried out as a part of a long­
time experiment in 1986. 

Material and methods 

The experiment included the following rotations: 

1982 1983 1984 1985 1986 

R-l mixed early rye barley oats 
crop barley 

R-2 field field rye barley oats 
. grass grass 

1 CX
> early black rye barley oats 

barley follow 

and variants: 
1 - in autumn, shallow ploughing with a heavy disk 

harrow at a depth of 10...12 cm, and after that, 
ploughing at a depth of 16...17 cm; 

2 - the same as in case of var. 1, fall ploughing at a 
depth of 21...22 cm; 

3 - the same as 'in case of var. 1, fall ploughing at a 
depth of 24...25 cm; 
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4 - in autumn, shällow ploughing with a moulboard 
stubble breaker at a depth of 10...12 cm and fall 
ploughing at a depth of 16...17 cm. 

The total area of leaves, the dry mass content of 
the aboveground phytomass, the total stalk height and 
the grain yield of oat plants weite . determined. The 
determinations were carried out at the tillering, 
stalking and booting stages. 50 plants were taken from 
each replication (4), thus all in all 200 plants were 
analyzed. The data on weather conditions during the 
experiment were presented in the previous paper. The 
results of the experiment were given in Tab. 1, 2 and 
3. They have been treated mathematically with the pro­
bability of p = 0.05. 

Results 

According to the data given in Tab. 1, the mould-
board stubble breaking as compared with common disk 
harrowing considerably increases the gcowtih indices 
of oats': the leaf area increases by 2. 9. «.17. 8 cm® 
during the whole vegetation period, stalk height by 
2.7...12.6 cm, dry mass yield at the booting stage by 
3.8 % in case of R-l and R-2, and grain yield by up 
to 0.53 t/ha (Tab. 2). Tab. 1 and 2 give results ob­
tained by comparing the effectiveness of different 
ploughing depths of disk hamiowing; the ploughing 
depth of 24...25 cm as compared with that of 16...17 
cm increased the leaf area at the beginning of growth 
in case of R-l and R-2 by 2.6 cm2 and 7.6 cm2 respect­
ively, the dry mass yield by up to 7.0 % in case of 
R-2 and grain yield presumably only in case of R-3. 

Tab. 3 shows a comparison of R-l with the other 
rotations. In case of R-2 and R-3, we can see no es­
sential improvement in the growth indices of oats. 
Our ultimate object is to ensure an increase in yield 
but in case of R-2, the increase in the stalk height 
is not enough to ensure it. 

According to the experiment carried out, better 
growth conditions for the development of oats were 
secured by R-l (barley abundant in peas, i.e. a mixed 
crop four years ago, then early barley, rye, barley, 
and, finally, oats). 

It is expedient to vary the depth of fall plough­
ing in rotations every year. The ploughing depth of 
21...23 cm is in most cases suitable for grain crops 
(VIPPER, 1987). 

According to KOVALEVICH (1959), high yields of 
oats can be obtained on any soil after the cultivation 
of potato, maize and forage beet. 
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Table 3 

The influence of agrocomplexes on the growth indices of 

oats at the heading stages in different rotations 

in 1986 

Vari­
ants 

Physiological indices Rotation Vari­
ants 

R.(con­
trol) 

r2 R3 

Dry mas s % 34. 5 -2.2 - 0 .  8 

Stalk height cm 54.6 -1. 6  -6. 7 

1' Leaf area cm2 58.7 -0.6 -9. 5 

Grain yield t/ha 3.56 + 0.53 -0. 09 

Dry mass % 35.2 +1. 5 -1. 1  

Stalk height cm 51.7 + 4.2 -3. 9 

2 Leaf area cm2 52.4 + 10.7 -3. 9 

Grain yield t/ha 3.59 

t
o

 C
O

 О
 

+
 + 0. 12 

Dry mass % 34. 8 + 0.4 + 0. 8 

Stalk height cm 51.0 + 4.4 -2. 9 

3 Leaf area cm2 52.1 + 6.1 + 4. 7 

Grain yield t/ha 3. 52 + 0. 39 + 4. 7 

Dry mass % 37.2 -1.1 -2. 0 

Stalk height 63.2 + 2.4 -10. 6 

4 Leaf area cm2 76.5 -5.2 -18. 7 

Grain yield t/ha 4.09 + 0.04 -0. 51 

130 



REFERENCES 

КОVALEVICH -A. Barley and oats in Kaliningrad region 
// Barley and Oats. - Moscow, 1959. - P. 37-45 (in 
Russian). 

LOKO V. Structure of land use // Land cultivation sys­
tem scientifically well-founded in the Estonian 
SSR. - Tallinn, 1987. - P. 28-31 (in Estoffian). 

VIPPER H. Soil treatment systejii- and its role in main­
taining and raising the soil fertility // Land 
cultivation system scientifically well-founded in 
the Estonian SSR.. r Tallinn, 1987. - P. 64-68 (in 
Estonian) 

17* 

131 



PUBLISHED PAPERS OF PROFESSOR HEIGO MUDLA 

Compiled by E. Padu 

1949 

•1. Sõstarde paljundamisest pistokstega // Sotsial. 
põllumaj. - 1949. - Nr. 3. - Lk. 168-170. 

1950 

2. Uute Nõukogude Liidu aedmaasikasortide kasvatami­
sest Eesti NSV-s // Sotsial. Põllumai - 1У60. -
Nr. 1. - Lk. 48-50. 

1951 

3. Varakevadised tööd viljapuuaias // Edasi. - 1951. -
Nr. 90. 

4. Kasutada õigeid harimissxjsteeme puuviljaaedades II 
Rahva Hääl. - 1951. - Nr. 119. 

1954 

5. Kasutada kõiki võimalusi kasvuhoone- ja 
duse ulatuslikuks arendamiseks // Edasi. 
Nr.21. 

1955 

6. Varajase tomati kasvatamine külmlavades 
1955. - Nr. 10. 

7. Varakevadisi töid viljapuuaias II Edasi. 
Nr. 77. 

1957 

8. Eesti NSV-s esinevate viinapuuliste (Vitaceae Lindi.) 
liikide bioloogilisest ja majanduslikust karakte­
ristikast // Teaduslik sessioon'. Ettekannete teesid. 
- Tartu, 1957. - Lk. 56-r:'8. 

9. Viljapuude pakasekindluse teoreetilisi aluserd ja 
nendest tulenevaid praktilisi järeldusi // Prakti­
lisi küsimusi aianduses ja mesinduses: EAMS Tartu 
osak. I tead. sessiooni mat. - Tartu, 1957 . - Nr. 1. 
- Lk. 23-32. 

1avamajan-
- 1954. -

// Edasi, 

- 1955. -

132 



10. Varajane tomat külmlavadest // Edasi. - 1957. - Nr. 
58. 

11. Viljapuude lõikamisest II Edasi. - 1957. - Nr. 60. 

12. Valgendage viljapuid // Edasi. - 1957. - Nr. 60. 

13. Kevadisi töid köögiviljaaias II Edasi. - 1957. -
Nr. 91. 

1958 

14. Viinapuu liikide ja sortide majanduslikust ise­
loomustusest ENSV-s // Praktilisi küsimusi 
aianduses j ä mesinduses: EAMS Tartu osak. II 
tead. sessiooni mat. - Tartu, 1958. - Nr. 2. 
- Lk. 31-39. 
Резюме: Мийдла X. О хозяйственной характеристике 
видов и сортов винограда Эстонской ССР. 

15. Viinapuu seinaäärse kultuurina koduaias II Sotsial. 
Pollumaj. - 1958. - Nr. 4. - Lk. 181-182. 

16. Пристенная культура винограда в Эстонской ССР /в 
ЭССР/ // Виноделие и виноградство.- 1958. -   4. -
С. 32-33. 

17. Kasutagem sulailmu viljapuude lupjamiseks II Edasi. 
- 1958. - Nr. 51. 

18. Veelkord viljapuude arenduslõikamisest // Edasi. -
1958. - Nr.84. 

19. Õunapuud õitsesid hästi, aga saak...? II Edasi. 
1958. - Nr. 118. 

20. Viljapuude talvekindluse suurendamisest // Edasi. -
1958. - Nr. 186. 

1959 

21. Viinapuu võrsete lõikamisest ja selle tähtsusest 
// Praktilisi küsimusi aianduses ja mesinduses: 
EAMS Tartu osak. III tead. sessiooni mat. - Tartu, 
1959. - Nr. 3. - Lk. 48-57. 

22. Eestis kasvatatavate viinapuude bioloogilisest ka­
rakteristikast // hMSV TA toimetised: bioloogil, 
seeria. - 1959. - Nr. 1. - Lk. 58-71-
Zusfsg.: Die Biologische Charakteristik der Estni­
schen SSR angebauten Weinreben. 
Резюме: 0 биологической характеристике сортов ви­
нограда, культивируемые в Эстонской ССР. 

23. Viinamarj apoõsaste suvisest lõikamisest // Sotsial. 
Põllumai• - 1959. - Nr. 2. - Lk. 513-514. 

24. Биологическое обоснование выращивания винограда б 
Эстонской ССР: Автореф. дис. ... канд. биол*. наук. 
- Тарту, 1559. - 35 с. 

133 



25. Viljapuude ettevalmistusest talvitumiseks // Edasi. 
- 1959. - Nr. 201. 

26. Toimus üleliiduline konverents /taimede vastupida­
vuse füsioloogia alal Moskvas 3-7. III 1959/,//TšgS-

, tu Riiklik Ülikool. - 1959. - Nr. 10. 

1960 

27. Viinapuu võrsete valmimisprotsessist Eesti NSV tin­
gimustes //TRÜ toim. - 1960. - Vihik 82: Taimefü-
sioloogia-alased tööd. - Lk. 126-145. 
Zusfsg: Über den Reifungs-prozess der Weinrebe in 
den Verhältnissen der Estnischen SSR. 
Резюме: 0 процессе вызревания побегов винограда в 
условиях Эст. ССР. 

28. Об особенностях физиолого-биохимических процессов 
у виноградных (Vitaceae Lindl._)_//лТез.- ДОКЛ. Iбио-
хим. конф. Прибалт, респ. - Тарту, I960. -
С. 88-89. 

29. Rohelist köögivilja ka talvekuudel // Edasi. - 1960. 
- Nr. 8. 

30. 7 5 aastat Aleksander Kurvitsa sünnist // Sotsial. 
Põllumaj. - 1960. - Nr. 20. - Lk. 953. . 

31. К 75-детию А. А. Курвица // Сад и огород. - I960. -
  12. - С. 51. 

1961 

32 . Varuainete dünaamikast viinapuuliste (Vitaceae Lindl.) 
üheaastastes võrsetes // TRÜ toim. - 1961. - Vihik 
101: Taimefüsioloogia-alased tööd. - Lk. 59-79. 
Zusfsg: Über die dynamic der Reservstoffe in den 
einjährigen Trieben« de» Rebengewächse (Vitaceae 
Lindl.). 
Резюме: Динамика записных веществ .в-- однолетних по-
оетах виноградных : (Vitaceae Lindl.). 

33. Eesti NSV-s kasvatatavate viinapuude mõningatest 
füsioloogilistest näitajatest // TRÜ toim. - 1961. 
- Vihik 101: Taimefüsioloogia-alased tööd. - Lk. 
80-102. 
Zusfsg: Über einige physiologische Kennzeichen bei 
den in der Estnischen SSR angebauten Weinreben. 
Резюме: 0 некоторых физиологических показателях 
винограда, выращиваемого в Эстонской ССР. 

34. Sild-oksastamise asendamine "alustele löömise" mee­
todiga // Sotsial. Põllumaj. - 1961. - Nr. 18. 
Lk. 539-540. 

35. Об особенностях физиолого-биохимических процессов 
у виноградных (Vitaceae Lindl.) в связи с их :• при­
способлением к условиям выращивания в Эстонской 
ССР // Труды I биохим. конф. Прибалт, респ. - Тар­
ту, 1961. - С. 229-236. 

134 



36. Üheaastaste õunapuuvõrsete puitumisprotsessi 
uurimise meetoditest // Vabar. konv. taime­
füsioloogia ja geneetika alal. - Tallinn, 1961. 
- Lk. 16-17. 
Резюме: Методы изучения процессов одревеснения у 
одногодичных побегов яблони. 

37. Õunapuu üheaastaste võrsete anatoomilise ehituse 
ja ligniinisisalduse seosest talvekindlusega // 
Praktilisi küsimusi aianduses ja mesinduses: EAMS 
Tartu osak. V tead. sessiooni mat. - Tartu, 1961. 
- V. - Lk. 27-31. 
Резюме.: Анатомическое строение и содержание лигни­
на в однолетних побегах яблони в связи с зимостой­
костью. 

Т962 

38. Kõige nooremas teaduskonnas // Edasi. - 1962. - Nr. 
45. 

39. Puittaimede juurestiku uurimisest // Sotsial. Põl­
lumaj. - 1962. - Nr. 11. - Lk. 511-512. 

40. Bioloogide eelseisvad ülesanded // Tartu Riiklik 
Ülikool. - 1962. - Nr. 6. 

41. Õnnesoov Bioloogia-Geograafiateaduskonna kollek­
tiivile uueks aastaks 7/ Tartu Riiklik Ülikool.-
1962. - Nr. 1. 

1963 

42. Üheaastaste õunapuuvõrsete puitumisprotsessi uuri­
mise meetoditest // Vabar. konverents taimefüsiol. 
ja geneetika alal. - Tartu, 1963. - Lk. 78-86. 

43. Enam tähelepanu puittaimede juurestiku uurimisele 
// Praktilisi küsimusi aianduses ja mesinduses: 
EAMS Tartu osak. VI tead. sessiooni mat. - Tartu, 
1963. - Vi. - Lk. 64-74. 
Резюме: Больше внимания изучению корневой системы 
древесных растений. 

44. Bioloogia ja geograafiaõpetajate ettevalmistamisest 
Bioloogia-geograafiateaduskonnas // Edasi. - 1963. 
- Nr. 18 4. 

45. Külm tegi aias kurja. Mida ette võtta? // Edasi. -
1963. - Nr. 82. 

1964 

46. Изучение динамики одревеснения побегов яблони с 
помощью ультрафиолетовой микроскопии // Уч. зап. 
Тарт. ун-та. - 1964. - Вып. 151: Тр. по физиол. и 
биохим. раст. - С. 124-129. - Соавт. М.Ратае. 
Zusfsg: Zur Untersuchung der Verholzungsdynamic 
der Triebe des Apfelbaums mittels der Ultraviolett­
mikroskop. 

135 



47. О динамике превращения лигнина в побегах яблони // 
Уч. зап. Тарт. ун-та. - 1964. - Вып. 151: Тр. го ф&юл. 
и биохим. раст. - С. 124-129. - Соавт. Т.Вардья. 
Zusfsg: Über die Dynamik des Lignin-Gehaltes in der 
Trieben des Apfelbaumes. 

48. О биологических изменениях в побегах плодовых де­
ревьев в связи с ритмом их роста // Тез. докл. I 
Всесоюзн. биохим. съезда. - Ленинград, 1964. - Т. 
3. - С. 58-60. - Соавт. А.Перк, Л.Сарапуу. 

49. Viinamarjakasvatus // Tallinn'. ERK, 1964. - 131 lk. 

50. SSprus, usaldus, austus // Edasi. - 1964. - Nr. 80. 

51 Biokeemia kongress Leningradis // Edasi. - 1964. -
N r .  4 0 .  

2. Tööst Bioloogia-geograafiateaduskonnas // Noorte 
Hääl. - 1964. - Nr. 149. 

1965 

53. Aleksander Kurvitsa 80. aastat // Rahva Hääl. -
1965. - Nr. 267. 

54. Kuidas edaspidi õpetada? // Edasi. - 1965. - Nr. 
104. 

55. Флоридзин в качестве фактора почвоутомления в пло­
довых садах // Агрохимия. - 1965. -   9. - С. 109-
112. 

56. Фенольные соединения в качестве фактора почвоутом­
ления в плодовых садах // Материалы II биохим. 
конф. Прибалт, респ. и Белорус. ССР. - Рига, 1965. 
- С. 145-146. 

57. Флоридзин в качестве фактора почвоутомления в пло­
довых садах // Тез. докл. II Уральсж. совещ. по 
экол. и физиол. древесных раст. - Уфа, 1965. - С. 
106-107 

58. Puuviljaaedade mullaväsimuse põhjustest // Sotsial. 
Põllumaj. - 1965. - Nr. 19. -"Lk. 894-895. 

1966 

59. Влияние замораживания на превращение лигнина и его 
предшественников в побегах яблони // Уч. зап. Тарт. 
ун-та. - 1966, - Вып. 185: Тр. по физиол. и биохщ. 
раст. II. - С. 122-128. - Соавт. т. Вардя. 

1967 

60. Über das Vorkommen und die Veränderungen aromati­
scher Aldehyde der Cg - C^-Reihe im Xylem des Ap-
felbaumtriebes // Flore. - 1967. - Abt. A, Bd. 158. 
- S. 119-126. 
Summary in English and in Russian. 

136 



1968 

61. О содержании и динамике ароматических альдегидов 
С« - Ст-ряда в древесине яблони // Физиол. раст. -
1968. - Т. 15,   6. - С. 1027-1030. 

62. Über den Einfluß des Wasseraushalts auf den Gehalt 
an Oxydationprodukten des Lignins (Cg - С-Aldehy­
de) in verholzenden Apfelbaumtrieben // Flora. -
1968. - Abt. A, Bd. 159. - S. 419-436. - Mitaut.: 
H. Seiler, A. Milius'. 
Summary in English. 

63. Фенольные соединения яблони в период листопада // 
Фенольные соединения и их биол. функции. - М., 1968. 
- С. 238-243. - Соавт.: М. Мардисте. 

64. Puuvilja- ja marjakasvatus (õpik). - Tallinn, 1968. 
- Lk. 5-84. - Kaasaut.: 0. Tigane. 

65. Содержание ароматических альдегидов в побегах яб­
лони в зависимости от режима удобрения и влажности 
// Тез. докл. III биохим. конф. Белорусок., Латв., 
Литовсл. и Эст. ССР. I: Биохимия раст. и микроорг. 
- Минск, 1968. - С. 82-83. - Соавт. А. Халдре. 

66. Влияние минеральных удобрений на содержание про­
дуктов оксиления /Сб - Ст-альдегиды/ при одзевесне-
нии побегов яблони У/ Тез. докл. III конф. физиол. 
и биохим. раст. Сибири и Дальнего Востока. - Ир­
кутск, 1968. - С. 126-127. - Соавт. А. Милиус. 

1969 

67. Влияние минерального питания и влажности почвы на 
содержание тормозящих фенольных соединений // Ма­
териалы конф. Прибалт, респ. по вопр. стимул, раст., 
животн. и микроорг. - Вильнюс, 1969. - С. 124. 
Соавт. Э. Аометс. 

68. Содержание токсических фенольных соединений в коре 
корней саженцев яблони в зависимости от минераль­
ного питания // Тез. докл. II Всесоюзн. биохим. 
съезда. Секц. сообщений: Биохим. раст. - Ташкент, 
1969. - С. 120-121. - Соавт. Э. Аометс. 

69. Mineraalväetiste mõju ounapuuvõrsete puitumisele 
// EAMS-i Tartu osak. X, XI ja XII tead. sessiooni 
mat. - Tallinn, 1969. - Lk. 106-112. - Kaasaut. A. 
Milius. 

70. Õunapuulehtede mineraalainete sisalduse analüüs / / 
EAMS-i Tartu osak. X, XI ja XII tead. sessiooni 
mat. - Tallinn, 1969. - Lk 113-118. - Kaasaut. L. 
Kristoffel. 

71. Bioloogia-Geograafiateaduskönd // Tartu Riiklik 
Ülikool. - 1969. - Nr. 11. 

18 
137 



1970 

72. Фенольные соединения и лигнификация побегов яблони 
в связи с минеральным питанием и водным режимов: 
Автореф. дисс. ... д-ра биол. наук. - Киев, 1970. 
- '39 с. 

73. Влияние минерального питания и влажности почвы на 
содержание фенольных соединений в коре корней са­
женцев яблони в связи с почвоутомлением // Агроно­
мия. - 1970. - Т. 2. - С. I18—120. 

7 4. Die phenolische Verbindungen und die Lignifikation 
im Xylem der Apfelbatimtriebe im Zusammenhang mit 
der Mineralstoffernährung // Biologia Plantarium. -
1970. - Vol. I. - P. 11-18. - Mitaut. A. Milius, T 
Väinjärv. 

75. Содержание фенольных соединений и лигнификация дре­
весины побегов яблони в зависимости от минерально­
го питания // Уч. зап. Тарт. ун-та. - 1970. - Вып. 
256: Тр. по физиол. и биохим. раст. III. - С. 48-
73. - Соавт. А. Милиус, Т. Вайнярв. 
Zusfsg: Die phenolischen Verbindungen und die Lig-
nifikation im Xylem der Apfelbaumtriebe im Zusam­
menhang mit der Mineralstoffernährung. 

76. Содержание фенольных соединений и лигнификация 
древесины побегов яблони в Зависимости от водного 
режима // Уч. зап. Тарт. ун-та. - 1970. - Вып.256: 
Тр. по физиол. и биохим. раст. III. - С. 74-79. -
Соавт. А. Милиус, Т. Вайнярв. 
Zusfsg: Phenolische Verbindungen und die Ligriifi-
kation im Xylem der Apfelbaumtriebe im Zusammenhang 
mit dem Wasseraushalt des Bodens. 

77. Фенольные соединения яблони // Уч. зап. Тарт. ун­
та. - 1970. - Вып. 256: Тр. по физиол. и биохим. 
раст. in. - С. 3-8. - Соавт. Л. Сарапуу. 

78. Cg - Ст-кислоты в процессе лигнификации // Материа­
л ы  i v  д б и о х и м .  к о н ф .  П р и б а л т ,  р е с п .  и  Б е л .  С С Р . -
Вильнюс, 1970. - 36 с. - Соавт. Э. Кузма, X. Сийл-
бек. 

7 9.. Фенольные соединения и лигнификация древесины по­
бегов яблони в зависимости от минерального питания 
и водного режима // Физиология и биохимия культур­
ных раст. - 1970. - Т. 2. - С. 215-216. - Соавт. А. 
Милиус, Т. Вайнярв. 

80. с6 - Ci-кислоты в яблоне // Тез. докл. II симпозиу­
ма по фенольным соединениям. - Алма-Ата, 1970. 
С. 92. - Соавт. Л. Пере, X. Сийлбек. 
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1971 

81. Sümpoosium Alma-Atas // Edasi. - 1971. - Nr. 139. 

1972 

82. Fenoolsete ühendite teemaline seminar Tartus // 
Edasi. - 1972. - Nr. 125. 

83. Оксибензойные кислоты в различных органах яблони в 
зависимости от условий питания // Физиол. и биохим. 
ЖьЖных растений. - 1970. - Т. 4, вып. 2. - С. 

84. Роль лигнина в растениях // Материалы респ. конф. 
по физиол. и бихим. раст. - Таллин, 1972. - С. 29. 

8 5 .  О биосинтезе и функции оксибензойных кислот в яб­
лоне // Тзз. докл. семинара по физиол. и- биохим. 
фенольных соедин. раст. - Тарту, 1972. - С. 8-9. 

86. Взаимосвязь фенольного обмена и минерального пита­
ния у яблони // Применение физиол. активных веществ 
в садоводстве: Материалы симпозиума. - М., 1972. -
С. 28-34. 

87. Исследование состава фенольных соединений яблони // 
Регуляция роста и питания раст.: Мат. симпозиума... 
Итоги исследований по физиол. раст. за 1966-70 гг. 
- Минск, 1972. - С. 96-104. - Соавт. Л. Сарапуу. 

88. Влияние условий произрастания на биосинтез феноль­
ных соединений в корнях яблони и на выделение их в 
почву // Основы химич. взаимодействия раст. в фи-
т о ц е н о з а х :  М а т .  I I I  В с е с о ю з н .  с и м п о з и у м а ,  1 2 - 1 4  
июня. - Киев, 1972. - С. 81-84. 

1974 

89. Veelkord Tallinna puiesteedest // Ohtuleht. - 1974, 
- Nr. 206. 

1975 

90. Puittaimede ärakülmumise mehhanism ja külmakindlu-
se kujunemine // EAMS-i Tartu osak. XV, XVI ja XVII 
tead. sessiooni mat. - Tallinn, 1975. - Lk. 3-9. 

91. Taimefüsioloogia arenemise ajaloost ja suundadest 
Tartu ülikoolis // Tartu Ülikooli ajaloo küsimusi. 
- Tartu, 1975. - II. - Lk. 152-158." 

92. Фенолкарбоновые кислоты в листьях яблони // Уч. зап. 
Гарт, ун-та. - 1975. - Вып. 362: Тр. по физиол. и 
биохим. раст. iv. - С. 3-13. - Соазт. Ы. Халдре.С. 
Сависаар. 
Summary: Phenolic acids in the leaves of the apple-
tree. 
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93. Изурение биосинтеза фенолкарбоновых кислот яблони 
с применением с14о2 // Уч. зап. Тарт. ун-та. - 1975. 
- Вып. 362: Тр. по физиол. и биохим. раст. iv. - С. 
14-21. - Соавт._Ы. Халдре, С. Сависаар. 
Summary: Investigation of the biosynthesis of phenol­
ic acids with in the leaves of the apple-tree. 

94. Применение с!4-шикимовой кислоты для изучения об­
разования оксибензойных кислот в листьях яблони // 
Уч. зап. Тарт. ун-та. - 1975. - Вып. 362: Тр. по 

Физиол. и биохим. раст. iv. - С. 22-37. - Соавт. X. 
ванова, А. Халдре. 

Summary: Application of C-Shikimic acid for the 
purpose of studying the formation of hydroxybenzoic 
acids in the leaves of the apple-tree. 

95. Динамика оксибензойных кислот яблони // Уч. зап. 
Тарт. ун-та. - 1975. - Вып. 362: Тр. по физиол. и 
биохим. раст. iv. - С. 38-51. - Соавт. У. Калде,. Ы. 
Халдре. 
Summary: Dynamics of hydroxybenzoic acids in the 
apple-tree. 

96. The biosynthesis,of phenolic acids in the leaves 
of the apple-tree administered shikimic-C^acid // 
XII Int. Botanical Congr.: Abstracts. - Leningrad, 
1975. - P. 365. 

97. Taimefüsioloogia väikepraktikum. - Tartu: TRÜ, 1975. 
- 134 lk. 

98. Üldbioloogia välilaboratooriumis // Nõukogude Õpe­
taja. - 1975. - Nr. 2. 

1976 

99. О значении лигнина в растениях // Тез. докл. Все-
союзн. совещ. "Шизиол.-биол. асп. устоичив. раст." 
- М., 1976. - С. 21. 

1Q0, 0 разных формах фенолкарбоновых кислот в листьях 
яблони // Тез. III всесоюзн. симпозиума по фенольн. 
соед. - Тбилиси, 1976. - С. 34. - Соавт. Ы. Халдре, 
X. Иванова. 

101. Metabolism of the phenolic acids in the leaves of 
the apple-tree //XI Nordiska Kongressen for Växt-
fysiologi._- Uleäborg, 9-13 augusti 1976. - P. 50. 
- Coauth. Ö. Haldre. 

102. Miks puud ja põõsad on veel lehes? // Edasi. - 1976. 
Nr. 263. 

1977 

10 3. Interaction of phenolic äcids. in. auxin-induced 
growth // Int. conf. on regulation of developmental 
processes in Plants: Abstracts. - Halle, 1977. 
P. 17 3. - Coauth. Õ. Haldre. 

140 



104. О Динамике различных форм фенолкарбоновых кислот 
в листьях яблони // Физиол. раст. - 1977. - Т. 24, 
  5. - С. 1043-1048. - Соавт. С. Сависаар. 
Summary: Dynamics of the content of different 
forms of phenolic acids in the leaves of apple-
tree. 

105. Abstsissioon - lehtede ja viljade langemine // 
Eesti Loodus. - 1977. - Nr. 9. - Lk. 596-599. 

106. Kooliaed ja selle tähtsus üldbioloogia käsitlemi­
sel keskkoolis // ENSV bioloogiaõpetajate tead.-
met. konv. - Tartu, 1977. - Lk. 85-95. 

107. Rahvusvahelisel teaduslikul konverentsil // Edasi. 
- 1977. - Nr. 214. 

1978 

10 8. Световой контроль фенолкарбоновых кислот на актив­
ность пероксидазы В листьях Triticum Vulgare L. // 
Международная конф. по ростовым веществам расте­
ний: Тез. докл. - Либлиц, 1978. - С. 34. - Соавт. 
Ы. Халдре, Э. Паду, У. Ыннепалу. 

1979 

109. Control of peroxidase activity in the leaves of 
wheat seedlings by phenolcarboxylic acids // Ab­
stracts XI int. congr. of biochemistry. - Toronto, 
197 9. - 112. - Coauth. U. Õnnepalu. 

110. Kasvuregulaatorid ja taimede puhkus // Eesti Loo­
dus. - 1979. - Nr. 12. - Lk. 771-774. 
Summary: Growth regulators and dormancy of plants. 
Резюме: Регуляция роста и состояние покоя растений. 

1980 

111. 0 процессе лигнификации в растениях и методы его 
исследования //Регуляция роста и питание расте­
ний. - Вильнюс, 1980. - С. 87-98. 

112. Taimefüsioloogia sügiskool (Haige taime füsioloo­
gia) // Edasi. - 1980. - Nr. 238. 

1981 

113. Professor Hugo Kaho elust ja tegevusest // Tartu 
Ülikooli ajaloo küsimusi. - Tartu, 1981. - XI. 
Lk. 182-188. 

114. Эффект фенолкарбоновых кислот на вызываемый аук­
сином рост растений // I всесоюзн. конф. по регу­
ляторам роста и развития растений: Тез. докл. - М., 
1981. - С. 76. 
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1982 

115. О влиянии фенолкарбоновых кислот на вызываемый 
ауксином рост растений // Физиол. растений. - 1982. 
- Т. 29, вып. 4. - С. 649-655. - Соавт. Ы. Халдре, 
Э. Паду, Ю. Яакма. 
Summary: Effect of phenolic acids on auxin-in­
duced growth of plants. 

116. Pungade puhkus ja endogeensed regulaatorid // 
Aiandus ja Mesindus. - Tallinn, 1982 . - Lk. 56-62. 

117. Влияние фенолкарбоновых кислот, фитогормонов и 
света на активность разных форм пероксидазы пше­
ницы // IV Всесоюзн. симпозиум по фенольным сое­
динениям: Тез. докл. - Ташкент, 1982. - С. 59-60. 
- Соавт. Э. Паду, Ю. Яакма, А. Ярва. 

118. Kuidas aidata vee sees olnud viljapuid II Sotsial. 
Põllumaj. - 1982. - Nr. 6. - Lk. 35-36. 

119. Taimefüsioloogia muundumise perioodid ning koht 
tänapäeva teaduses ja praktikas // XIII Eesti Loo­
dusuurijate päeva ettekannete kokkuvõtted. - Tal­
linn, 1982. - Lk. 46-51. 

120. Taimefüsioloogia sügiskool "Taim ja valgus" // 
Edasi. - 1982. - Nr. 237. 

121. Eesti fotosünteesikute kaalukas sõna // Rahva Hääl. 
- 1982. - Nr. 252. 

1983 

122. Activities of soluble and cell-wall-bound per­
oxidases and content of Cg - Cg-acids during the 
differentiation of the apple-tree cells // 15th 
FEBS meeting. - Belgium, 1983. - P. 269. - Coauth. 
E. Padu, H. Vahemets. 

123. 120-aastane kateeder // Edasi. - 1983. - Nr. 215. 

124. TRÜ 120-aastase taimefüsioloogia ja -biokeemia ka­
teedri panus teadusesse ja rahvamajandusse // Rah­
va Hääl. - 1983. - Nr. 218. 

1 2 5 .  Образование ферментной системы окисления ИУК при 
прорастании пшеницы // Регуляция роста и метабо­
лизма растений. - Таллин, 1983. - С. 35-50. - Со­
авт. Э. Паду, Л. Кивил, X. Райк. 

1984 

126. Taimefüsioloogia õpik kõrgkoolidele. - Tallinn, 
1984. - 424 lk. 

127. Taimefüsioloogia VI sügiskool // Edasi. - 1984. -
Nr. 229. 

128. Taime kasv ning kasvu ja arengut reguleerivad fak­
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torid: V teor. biol. kevadkooli teesid // Eesti 
Loodusuurijate Seltsi Aastaraamat. - 1984. - Nr. 
69. - Lk. 145. 

129. Seasonal changes in Cg - C3-acids and the activity 
of different forms of peroxidases during the veg­
etative growth of shoots of the apple-tree (Malus 
domestica Borkh.) // Biochem. Physiol. Pflanzen. -
1982. - Bd. 180. - S. 449-457. - Coauth. E. Padu, 
H. Vahemets, A. Järve. 

130. Cell-wall peroxidases and phenolic acids during 
senescence of vjheat leaves // Book of abstracts: 
Molecular and physiological aspects of plant per­
oxidases. - Geneve, 1985. - P. 77. - Coauth. E. Pa­
du. 

131. Ligniini biosünteesist taimedes // XIV Eesti loo­
dusuurijate päeva lühiettekanded. - Tallinn, 1985. 
- Lk. 37. 

132. Физиологически активные вещества в садоводстве // 
Тез. докл. конф. "Повышать эффективность и качест­
во цветоводства и овощеводства". - Таллин, 1985. - С. 
65. 

133. Plastiliste ainete liikumine taimedes // Eesti Loo­
dus . - 1985'. - Nr. 2". - Lk. 115-117. 
Summary: The transport of plastic compounds in 
plants. 
Резюме: Движение пластических веществ в растениях. 

134. Soluble and cell-wall peroxidases and phenolic 
acids during the differentation of cells and ligni-
fication of cell-walls in apple-tree // Abstracts 
of 13th int. congr. of biochemistry, 25-30 August. 
- Amsterdam, 1985. - P. 796. 

135. Sügiskool "Taim ja vesi" II Edasi. - 1985. - Nr. 
225. 
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УДК 581.19 

БИОХИМИЯ ОБРАЗОВАНИЯ ЛИГНИНА 

X. Мийдла. // Уч. зап. Тарт. ун-та, 
вып. 845. Тарту, 1989, с. 11-23. 

В статье дается краткая общая характеристика био­
синтеза лигнина в высших растениях. Описываются проме­
жуточные продукты и ферменты шикиматного пути, меха­
низм активации фенолкарбоновых кислот и восстановления 
активированных соединений до соответствующих спиртов е 
последующей полимеризацией в лигнин. 
Илл. 6. Библ. 28. На английском языке. 

УДК 581.1+581.44.445 

МОРФОФИЗИОЛОГИЧЕСКИЕ ПАРАМЕТРЫ ПОЛЕГАНИЯ ПШЕНИЦЫ 

X. Мийдла, 8. Паду, К. Праакли, А. Тянав. // 
Уч. зап. Тарт. ун-та, вып. 845. 

Тарту, 1989, с. 24-36. 

Приводятся ряд биометрических параметров роста 
(общая длина стеблей, длина отдельных междоузлии, пло­
щадь листьев, общая масса растения) в связи с различ­
ным минеральным питанием растений. 
Илл. 3. Таб. 5. Библ. 16. На английском языке. 

УДК 581.19+581.131. 
МЕТАБОЛИЗМ ФЕНОЛКАРБОНОВЫХ КИСЛОТ В ПШЕНИЦЕ 

X. Мийдла, М. Лийнамяэ, X. Хелленурме. // 
Уч.зап. Тарт. ун-та, вып. 845. 

Тарту, 1989., с. 37-52. 

Дается краткий обзор современных представлений о 
физиологическом значении фенолкарбоновых кислот в выс­
ших растениях. Рассматривается метаболизм фенолкарбо­
новых кислот в различных условиях минерального пита­
ния в связи с полеганием пшеницы. 
Илл. 5. Таб. 3. Библ. 31. На английском языке. 
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УДК -581.19*681 Л31 
РЕГУЛЯЦИЯ ОБРАЗОВАНИЯ ЖГНИНА В СТЕБЛЯХ ПШЕНИЦЫ 

X. Мийдла, Э. Паду, А. Тянав. // 
Уч. зап. Тарт. ун-та, вып. 845. 

Тарту, 1989, с, 53-68. 

В статье приводятся данные о регулирующем влиянии 
минеральных элементов на образование лигнина и на его 
химический состав - количество ванилина и сиреневого 
альдегида и степень метоксилирования отдельных компо­
нентов лигнина. 
Илл. 5. Таб. I. Библ. 26. На английском языке. 

УДК 581.19+577.152.193. 
АКТИВНОСТЬ И ИЗОФЕРМЕНТНЫЙ СОСТАВ 

РАСТВОРИМОЙ И СВЯЗАННОЙ ПЕРОКСИДАЗЫ В ПШЕНИЦЕ 

Э. Паду, X. Мийдла, М. Саллум. // 
Уч. зап. Тарт. ун-та. вып. 845. 

Тарту, 1989, с. 69-84. 

Приводятся данные об активности и изоферментном 
составе растворимой, ионно- и ковалентносвязанной пвр-
оксидазы в стеблях пшеницы. Характеризуется изменение 
активности и изоферментного состава свободной и свя­
занной пероксидазы в течение вегетационного периода в 
нижнем и верхнем междоизлиях стебля пшеницы. Выдвига­
ется предположение о различной функциональной роли 
различных изоферментов пероксидазы в регуляции мета­
болизма в растениях пшеницы. 
Илл. 2. Таб. 3. Библ. 36. На английском языке. 
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УДК 581.19+577.152.193 
АКТИВНОСТЬ ФЕНИЛАЛАНИН АММОНИАК-ЛИАЗЫ 

И ПЕРОКСИДАЗЫ И НАКОПЛЕНИЕ ФЕНОЛЬНЫХ СОЕДИНЕНИЙ 
В ПШЕНИЦЕ В РАЗЛИЧНЫХ УСЛОВИЯХ МИНЕРАЛЬНОГО ПИТАНИЯ 

Э. Паду, Л. Мейнер, Р. Сельгис. // 
Уч. зап. Тарт. ун-та. вып. 845. 

Тарту, 1989, -с. 85-108. 
Приводятся данные об изменении активности фенил-

аланин аммониак-лиазы и свободной и связанных форм 
пероксидазы в стеблях пшеницы в течение онтогенеза рас­
тений. Характеризуется содержание этанолрастворимых 
фенольных соединений и лигнина в растениях, выращен­
ных в разных условиях минерального питания. Обсуадазт-
ся роль фенилаланин аммониан-лиазы и пероксидазы в 
биосинтезе растворимых и локализованных в клеточных 
стенках фенольных соединений. 
Илл. 4. Таб. 8. Библ. 40. На английском языке. 

УДК 581.1+581.4 
ГИСТОХИМИЧЕСКИЕ МЕТОДЫ ПРИ ОПРЕДЕЛЕНИИ 

ПРОЦЕССА ЛИГНИФИКАЦИИ 

X. Мийдла, А. Хеллейурме, А. Тянав, Р. Тянав. // 
Уч. зап. Тарт. ун-та, вып. 845< 

Тарту, 1989, с. I09-II6. 
Описываются гистохимические методы определения ло­

кализации лигнификации в анатомических срезах стебля 
пшеницы в связи с минеральным питанием и полеганием. 
Илл. 6. Таб. I. Библ. 8. На английском языке. 

УДК 581.1+581.14.143 
ВЛИЯНИЕ УСЛОВИИ РОСТА НА РАЗВИТИЕ ЯЧМЕНЯ 

Т. Тийдт. // Уч. зап. Тарт. ун-та, вып. 845. 
Тарту, 1989, с. II7-I25. 

Характеризуется влияние ротации полевых культур 
при помощи биометрических и физиологических показате­
лей роста и развития растении ячменя. 
Млл. 4. Таб. I. Библ. 6. На английском языке. 
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УДК 581.1+581.14.143 

ВЛИЯНИЕ АГРОКОМПЛЕКСОВ НА РОСТ РАСТЕНИЙ ОВСА 

Т. Тийдт. // Уч. зап. Тарт. ун-та, вып. 845. 
Тарту, 1989, с. 126-131. 

Характеризуется влияние агрокомплексов на различ­
ные биометрические и физиологические показатели рас­
тений овса. 

-Таб. 3. Библ. 3. На английском языке. 

УДК 581.1+581.19, 
БИБЛИОГРАФИЯ ПЕЧАТНЫХ ТРУДОВ ПРОФЕССОРА ХЕИГО МИЙДЛА 

Э. Паду. // Уч. зап. Тарт. ун-та, вып. 845. 
Тарту, 1989, с. 132-145. 

Печатные работы проф. X. Мийдла охватывают широкий 
круг научных проблем. Большинство научных трудов посвя­
щено метаболизму вторичных соединении высших растений. 
На эстонском, русском, немецком и английском языках. 
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