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Abstract

Results of investigations are reported on the role of acid-soluble phosphorus com-

pounds in the process of winter wheat vernalization. Fractionation of germ extracts

by the precipitation method revealed the dynamics of phosphorylated glycolysis

metabolites during germination. The variability curves for spring wheat germinated

at 1.5° and 22° and for winter wheat at 1.5° had a similar course, only that for

winter wheat germinated at 22° showed differences. It is concluded that glycolysis
is essential in the process of wvernalization.

INTRODUCTION

Acid-soluble tissue extracts contain free nucleotides and physphory-
lated compounds of initial carbohydrate metabolism as well as phytin
and inorganic phosphorus. In view of the key role played by free
nucleotides ATP and ADP, in the coupling of enzymatic reactions in the
organism and NAD and NADP in oxidation reactions, and by carbo-
hydrates as essential substrates of synthesis and breakdown, acid-soluble
phosphorus compounds are of high importance in the general cell
metabolism.

Investigation of the dynamics of the biochemical changes occurring
in the earliest phase of plant life is particularly interesting in connection
with the bioinduction observed in nature (Paczoski 1947) when the
effect becomes manifest at a later phase of development.
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Flowering of winter plants depending on thermoinduction was in-
vestigated in this Laboratory. The studies concerned mostly the dif-
ferences in metabolism between the winter and spring wheat forms
during germination at low vernalizing temperatures and higher ones
excluding vernalization (Markowski, Madej 1962a, 1962b;
Markowski, Myczkowski, Lebek, 1962; Markowski
Piskornik 1964; Markowski, Madej 1968; Markowski,
Filek, Madej 1968; Myczkowski 1967, Wojtaszek 1964a,
1964 b). In a series of such investigations Markowski et al. Mar-
kowski, Madej 1962a, 1962b; Markowski, Made]j 1968,
Markowski, Filek, Madej 1968), analysed the most important
groups of phosphorus compounds, without tackling the separation of
acid-soluble fraction. The latter problem was undertaken in the present
study. It was the more timely, since studies on acid-soluble phosphorus
compounds in the process of vernalization published in the available
literature deal only with the whole acid-soluble extract, and mostly do
not confront the metabolism of these compounds with the process in the
spring form. Finch and Carr (1956) in the search for a relation-
ship between the nucleic acid content and vernalization and deverna-
lization of the winter rye Petkus, determined additionally acid-soluble
phosphorus; they did not, however, observe any influence of vernalization
in the course of germination at low temperature. It results from the
investigations of Stoletov et al. (1965) that the spring forms of
wheat examined by them had a lower acid-soluble phosphorus content
than the winter varieties. Proskuryakov and Strazhevskaya
(1948) observed a temperature-dependent decrease in acid-soluble
phosphorus content in winter wheat germs during vernalization at 0°
and 2°C with a simultaneous increase of the inorganic phosphorus
content at the lower vernalization temperature. Markowski and
Madej (1962) demonstrated a greater dependence of the acid-soluble
phosphorus content on germination temperature than on the variety
used. Ponomareva (1957), investigating the dynamics of phosphorus
compounds in early ontogenesis of spring wheat, observed a high content
of labile compounds in the whole acid-soluble extract, she did not
succeed, however, in detecting noticeable quantities in the fraction
precipitated by mercury salts.

Therefore, the aim of the present study was to investigate the changes
in the fractions of acid-soluble extracts, during germination of winter
and spring wheat at low and higher temperatures. It was believed that
the finding of eventual differences in metabolism might contribute to
the detection of the unknown mechanism of flowering initiation.
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MATERIAL AND METHODS

Material. Winter and spring wheat varieties, differing widely in
their thermic requirements as regards transition to the generative phase,
were used in the experiments. The winter variety of awned wheat ‘Ostka
Zlotoklosa” requires about 60 days of vernalization for coming into ear,
when low temperatures during vegetation are excluded. The spring
awned wheat ‘Ostka Chlopicka’, on the contrary, sown under these
conditions passes to the generative phase without previous thermic in-
duction. The seeds of both wheat forms were germinated in dark ver-
nalization chambers at 1.5° for periods of 0, 14, 35, 49, 63, and 70 days,
and parallelly, in thermostats at 22° for 20, 60, 72, 84, 96, and 103 h. The
germination period at 22° was adjusted so that the germs would reach
the same physiological age — determined in terms of dry weight
produced (Markowski, Madej 1962) — as the plants in the above
mentioned germination periods at low temperature. Before vernalization
the seeds were soaked and pregerminated for 72 h at 10°, and before
germination at higher temperature — for 20 h at 22°.

Extraction. One-gram germ samples were subjected to fourfold
extraction with trichloroacetic acid (TCA), in the first, 10 per cent, and
in the following ones, 5 per cent TCA being used. During extraction and
in the course of fractionation, temperature was maintained at 0°. The
material was found to contain 5-15 mg of phosphorus in 50 ml of the
basic extract.

Fractionation. Acid-soluble phosphorus compounds were
separated by the method of LePage-Umbreit (1948) based on the
different solubility of barium salts of phosphorus compounds, and applied
in the modification adapted to material containing starch. The extract
was separated into three fractions: 1) barium-insoluble salts, 2) barium-
-soluble alcohol-insoluble salts, and 3) barium-soluble alcohol-soluble
salts. This procedure allows to include into fraction I, adenosinedi- and
~triphosphates, hexosediphosphate, phosphoglyceric acid, phytin and inor-
ganic phosphorus, and in fraction II, hexose-6-phosphates, glucose-1-pho-
sphate, phosphotrioses, phosphopyruvic acid, pentose phosphate, adeno-
sinemonophosphate and finally to include in fraction III unidentified
phosphorus compounds (Benson 1955, Samotus 1963).

In each experimental combination several or some dozen replications
were performed in dependence on the kind of determination and
repeatability of the results obtained. Phosphorus determination was car-
ried out by the Fiske-Subbarov method in Miiller’'s modification
1935: inorganic P was determined immediately after obtention of the
fraction, total P after acid digestion, organic P was indirectly determined
as the difference between total and inorganic P.
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For determination of phytin P, 300-mg samples were separately
extracted, and the content was determined after McCance-Wid-
dowson (1968).

RESULTS

The results of phosphorus determination in the germs of both
varieties and at both germination temperatures are plotted in diagrams
(Figs. 1-5).

The dynamics of acid-soluble phosphorus compounds was followed
in the whole germ extract in the course of 0 to 63-days of
seed germination at 1.5° and between the 20 and 96th hour of germina-
tion at 22°, and the following observations were made.

In both varieties and at both temperatures the amount of total and
organic phosphorus calculated in terms of dry germ weight (Fig. 1,
left side) decreased drastically with the progress of germination, while
inorganic phosphorus showed only a slight increasing tendency. The
trend of changes was different when observed in a single germ (Fig. 1,
right side). The amount of total and inorganic P increased, whereas
organic P showed a tendency to decrease. In this case the curve reached
a maximum after 14 days or, respectively, 60 h of germination at higher
temperature. Within this time the initial values usually were doubled;
after reaching its peak, the phosphorus content gradually decreased so
that towards the end of the experiment organic P content was as a rule
lower than at the beginning of germination.

In the whole extract of acid-soluble phosphorus compounds the
influence of the germination temperature was more pronounced than
that of the variety; the curves of the winter and spring variety ran closer
to each other than those for the two varieties at both experimental
temperatures.

Phosphorus content in fraction I had a similar course as in the
whole extract (Fig. 2), the dependence of P content on germination tem-
perature being more pronounced than the influence of the variety.

Phytin phosphorus. During germination of both varieties at both
temperatures a drastic and continuous decrease in the content of inosi-
tophosphoric acid salts was noted (Fig. 3). This change is in agreement
with the commonly noted breakdown of this storage form of phosphorus
during seed germination. In view, however, of the exaggerated results
of analyses, the changes in phytin P are not recalculated to 1 germ. This
is due to the unsatisfactory method of phytin P determination
(Fink 1963).

The metabolism of the organic phosphorus compounds, in fraction II
(Fig. 4) was similar in the case of spring wheat germinated at both the
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Fig. 1. Changes in total (P), organic (Porg) and inorganic (Pjn) phosphorus content

in whole extracts of winter, and spring wheat in the course of germination at 1.5°

and 22° Left side : P expressed as percentage of dry weight of germs; right side : P
per 1 germ
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Fig. 2. Changes of phosphorus content in the barium-insoluble fraction of extracts
from winter and spring wheat germs in the course of germination at 1.5° and 22°.
For each experimental combination total (P), organic (Porg) and inorganic (Pin)
phosphorus is given in dry weight of germs (left side) and per 1 germ (right side)
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Fig. 3. Changes in content of phosphorus of phytic acid compounds in the course
of germination of winter and spring wheat at 1.5° and 22°.

experimental temperatures and of winter wheat at 1.5°, it was only
different for winter wheat at 22°. In the three above named combinations,
marked changes were observed in the phosphorus content during
germination. The maximum percentual P content in dry weight fell to
the 60th hour of germination at 22° and the 14th day at 1.5°, thereafter
a distinct fall occurred. Consequently, the content of phosphorus was
onty two times higher towards the end than at the beginning of ger-
mination. On the other hand, in the course of germination of the winter
variety at 22°, the amount of phosphorus in relation to the dry weight
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Fig. 4. Changes in phosphorus content of the barium-soluble, alcohol-insoluble
fraction of extracts from winter and spring wheat germs in the course of germina-
tion at 1.5° and 22°

of the germs remained unchanged — with the exception of a temporary
slight increase after 60 h. When calculated to one germ, the phosphorus
content increased in both the groups discussed, but in the above named
three combinations it was almost twice higher towards the end of the
period investigated than in the winter variety germinated at 22°.
Phosphorus of fraction III is shown in fig. 5. For a short period,
during germination up to 14 days at 1.5° and up to 20 h at 22°, the
proportion of phosphorus in the dry weight of the germs increased, and
then it gradually fell. However, over the entire period investigated the
phosphorus amount in this fraction increased. In relation to the constant
number of germs, the amount of phosphorus increased drastically in the
course of the entire period of germination. The course of phosphorus
content in the form of barium-soluble alcohol-soluble salts is, therefore,
similar to the phosphorus level variation in fraction II, but the dif-
ferences between the results in the three combinations and those for
winter wheat examined at higher temperature were less pronounced.
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Fig. 5. Changes in phosphorus content of the barium-soluble, alcchol-soluble
fraction of extracts from winter and spring wheat germs in the course of germina-
tion at 1.5° and 22°.

DISCUSSION

The changes in phosphorus content in the whole acid-soluble extract
and in its organic and inorganic compounds show a higher dependence
on the germination temperature than on the variety. Similar results have
been obtained by Markowski and Mad ej (1962 a, 1962 b).

In the course of wheat germination, both in the winter and in the
spring forms, a drastic decrease of the organic acid-soluble phosphorus
compounds content was observed in the germ extract at both tem-
peratures tested (Fig. 1). The acid-soluble extract contains all the
essential storage phosphorus in phytin as well as all the organic
phosphorus of the tissues. It was, therefore, to be expected that
the phytin breakdown observed (Fig. 3), responsible for the drastic fall
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of the organic phosphorus level in the extract, would be associated with
a corresponding rise of inorganic phosphorus content. However, since no
such rise was noted, it is supposed that, in the process of wheat ger-
mination, inorganic phosphorus is not accumulated, but phosphorylation
of organic compounds occurs simultaneously with abstraction of the
phosphorus rests from inositol. The compounds thus formed seem,
however, to be insoluble in acids. Similar relations were observed by
Mihailovic (1965) in wheat and maize. On the other hand, Hall
and Hodges (1966) found that in oats, the total phytin phosphorus
appeared in the germs as inorganic phosphorus towards the end of
germination. The investigations of Hiller (1967) confirm the different
course of phytin breakdown in oats than in wheat and rye.

In fraction I precipitated by barium, similar variations in total and
organic phosphorus were observed as in the whole extract. This results
from the simple fact that phytin compounds and total inorganic phos-
phorus pass from the extract to this fraction. Since inositol salts
constituted the major part of the organic compounds, and inorganic
phosphorus occupied quite an important place, it is understandable that
variations in the content of other organic phosphorus compounds present
in this fraction in much smaller amounts did not find a reflection in the
total and organic phosphorus content of this fraction.

The phosphorus in fraction II is contained in: glucose-6- and fruc-
tose-6-phosphate, trioses, phosphopyruvic acid, adenilic acid, pentose
phosphate, NAD and NADP. Since inorganic and phytin phosphorus,
constituting as already mentioned the main bulk of phosphorus com-
pounds in the acid-soluble extract pass to fraction I, it was possible to
follow the changes in other organic phosphorus compounds occurring in
relatively small amounts and present in fraction II. This fraction
included mainly phosphorylated metabolites of glycolysis and adenilic
acid (LePage, Umbreit 1948). The similarity of the curves of
phosphorus content in this fraction for the winter wheat variety at
low temperature and the spring variety at both temperatures seems to
indicate that in the winter variety glycolysis occurs under the influence
of low temperature with an intensity similar to that found in the spring
variety. On the other hand, the low phosphorus content in this fraction
during germination of the winter variety at 22° seems to be evidence of
a low degree of glycosis. These results lead to the conclusion that
glycolysis must be an essential step in the process of vernalization of
winter wheat seeds, which makes possible the further course of meta-
bolism controlled by thermic induction. In the light of the well known
increased respiration intensity under the influence of higher tem-
perature, and on the basis of the investigations of Wojtaszek (1964)
on oxygen uptake during germination of the wheat varieties ‘Ostka
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Zlotoklosa’ and ‘Ostka Chlopicka’, the above described results may be
interpreted as follows. 1. The similar intensity of glycolysis in both
varieties at low temperature and in spring wheat at higher tem-
perature — in spite of the differences in oxygen uptake under the in-
fluence of temperature — seems to suggest that at low temperature,
glycolysis metabolites are utilised more readily for other conversions
than in the tricarboxylic acids cycle, and this would restrict
the step of oxygen respiration. 2. The lower content of glucose meta-
bolites in the winter variety during germination at higher, nonvernalizing
temperature seems to indicate that the step of glycolysis is here sub-
stituted by oxidation on a different pathway than that of Embden
Parnass. Direct determinations of glycolysis intensity confirm the
conclusion of Wojtaszek, after investigation of the influence of
respiratory inhibitors on the generative development of spring wheats,
in which he stresses the role of glycolysis in the chemism of verna-
lization.

Glycolysis reduction may be the cause of the higher asparagine con-
centration found by Myczkowski (1967) in the course of winter
wheat germination at higher temperature as compared with that in
vernalized plants, and noted by Grzesiuk and Kulka (1963)
under the same conditions in rye. It is, namely, to be expected as the
consequence of decreased glycolysis that the amount of alphaketoacids
necessary for amino acid synthesis will also decrease, this leading to an
accumulation of amides. The different effect of temperature on the
course of glycolysis in the two wheat varieties seems to support the
conclusions of Myczkowski as to the higher enzymatic sensitivity of
winter wheat to this factor. .

It is to be expected that the difference in the course of the first
phase of glucose oxidation in the winter variety germinated at low and
higher temperatures will become manifest in the over-all carbohydrate
metabolism in the vernalization process. The role of saccharides in the
ontogenetic development of plants has been the subject of extensive
investigations (Duperon 1956, Trione 1966). Their results cannot
be directly compared with those here presented, but there is an essential
agreement as regards the changes in saccharide content in dependence on
the germination temperature, particularly towards the end of this
process. It is probable that these difference occur owing to a different
saccharide metabolism at the two temperatures applied, the dependence
of glycolysis on germination temperature being a manifestation of this.

In fraction III containing unidentified phosphorus compounds,
a decreasing tendency of the phosphorus values was noticed in the winter
wheat variety germinated at 22° as compared with the three other
combinations. This might indicate that the so far unidentified phosphorus
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compounds present in this fraction have some influence on the induction
of flowering in the winter forms of the plants. It is possible that their
synthesis depends on the level of glycolysis metabolites and the content
of ATP-type nucleotides (Barbaro, 1971).

The organic phosphorus content in the whole extract, in fractions I,
II, and III shows interesting dynamics in the course of seed germination.
For a short time after the beginning of germination an increase of
phosphorus content in the germ is noticeable, then its maximum is
reached and a gradual decrease occurs. A similar intensification of the
enzymatic processes in the first few days of germination and their later
decline are reported by authors investigating the metabolism of ger-
mination (Blaim 1965, Cherry 1963, Hanson 1960). Cherry
(1963) on the basis of electron microscope microphotographs explains
the observed peak of enzymatic activity by a progress in the organisation
and structure of the endosperm mitochondria and their subsequent
disappearance.

SUMMARY AND CONCLUSIONS

The results of investigations on the dynamics of the acid-soluble
compounds in the course of winter and spring wheat germination
revealed the following relationships:

1. In the whole extract of acid-soluble phosphorus compounds, with
progressing germination at the temperatures of 1,5° and 22°, both in
winter and spring wheat, there occurs a drastic diminution of the total
and organic phosphorus content as per cent of the germ dry weight. This
results from the breakdown of phytin which was very intensive during
germination. This decrease was not associated with a corresponding
increase in inorganic phosphorus content.

2. The amount of phosphorus in the whole acid-soluble extract, both
in the form of organic and inorganic compounds varied in the course of
germination more under the influence of temperature than in dependence
on the wheat variety.

3. In the fraction precipitated by barium salts (fraction 1I), the
dynamics of the phosphorus compounds content was similar as in the
whole acid-soluble extract. Parallelly performed phytin analysis seems
to indicate that this was due to a high content of inositol salts in both
the fractions, which masked the variation in other organic phosphorus
compounds.

4. In the fraction of phosphorus compounds forming soluble barium
salts precipitable with alcohol (fraction II) an interaction was revealed
between germination temperature and variety. The curves of phosphorus
content had a similar course for the spring variety at both temperatures
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and for the winter variety at temperture of vernalization. Differences
were, however, noted in the case of the winter variety germinated at 22°.
In the latter case, contrary to the three other ones, the phosphorus
content calculated to the germ dry weight did not increase in the
course of germination.

5. On the assumption resulting from the analytical procedure that
the main bulk of fraction II consists of phosphorylated glycolysis meta-
bolites, it may be considered that in the winter variety the metabolism
of carbohydrate oxidation becomes similar under the effect of low tem-
perature to the type characteristic for the spring variety. It has been
attempted to explain these relations against the widely known enhan-
cement of respiration intensity under the influence of higher tem-
perature.

The results here obtained give support to the opinion that glycolysis
is an essential step in the process of vernalization of the winter wheat
variety 'Ostka Zlotoklosa’, making possible a further course of meta-
bolism associated with thermic inductions.

6. The interaction between temperature and variety, similar as in
fraction II, but somewhat less pronounced was observed in fraction III
containing unidentified phosphorus compounds. The author cannot
exclude the possibility that these unidentified compounds may play some
role in the induction of flowering of the winter and spring wheat
varieties. It is possible that their synthesis may depend on the course of
glycolysis and on the ADP and ATP nucleotides level. Investigations
on the variability of labile phosphorus compounds will be reported in
part II of the present paper (Barbaro, 1971).
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Dynamika kwasorozpuszczalnych zwiazkéw fosforowych w czasie
kielkowania pszenicy ozimej i jarej w réinych warunkach termicznych
Cz. 1. Frakcjonowanie ekstraktéw kielkéw

Streszczenie

Autor przedstawil badania nad udzialem kwasorozpuszezalnych polgczen fosfo-
rowych w procesie jaryzacji pszenicy ozimej. Rozfrakcjonowanie ekstraktow metoda
precypitacji soli barowych wg LePage-Umbreita (1948) pozwolilo na prze-
§ledzenie dynamiki ufosforylowanych metabolitéw glikolizy w czasie kielkowania
pszenic. Analizy prowadzono w ekstraktach kielkéw pszenicy ozimej i jarej kielko-
wanych w ciemnosci przez okres 0, 14, 35, 49, 63 i 70 dni w temperaturze 1,5°C
oraz réwnolegle przez 20, 60, 72, 84, 96 i 103 godziny w temperaturze 22°C. Ekstrakty
rozdzielano na trzy frakecje a to: pierwsza zawierajacg nierozpuszczalne sole barowe
(frakecja I), drugg zawierajaca sole barowe strgcalne alkoholem (frakeja II) oraz
trzecia — rozpuszeczalnych soli barowych niestracalnych alkoholem etylowym.
We frakcjach oznaczano fosfor nieorganiczny i calkowity metoda Fiske-Subarowa
wg modyfikacji Miillera; fosfor organiczny okreélano posrednio jako rdznice calko-
witego i nieorganicznego.

Uzyskane wyniki badan pozwalajg wylonié nastepujgce zaleznodci:

1. W pelnym ekstrakcie kwasorozpuszczalnym obserwowano w miare postepu
kietlkowania w obu temperaturach, 1,5 i 22°C, tak u pszenicy ozimej jak i jarej,
gwaltowne zmniejszanie sie procentowej zawartosci fosforu calkowitego i organicz-
nego w suchej masie kietkéw. Wynikalo ono z rozpadu fityny silnie przebiegajacego
w czasie kielkowania. Obnizeniu temu nie towarzyszyl! odpowiedni wzrost fosforu
nieorganicznego.

2. Ilos¢ fosforu pelnego ekstraktu kwasorozpuszczalnego, tak jego polaczen
organicznych jak i nieorganicznych, zmieniala sie w czasie kielkowania pszenicy
w wiekszej zalezno$ci od temperatury kielkowania niz od badanych form pszenicy.

3. We frakeji stragcalnej solami baru (frakcja I) dynamika zmian ilosci zwigz-
kéw fosforowych byla podobna jak w pelnym ekstrakcie kwasorozpuszczalnym.
Na podstawie wykonanych réwnolegle analiz fityny mozZna sadzié, ze przyczyna
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tego byla duza zawartosé soli inozytolu w obu frakcjach, przykrywajaca zmiennosc
innych polgczen organicznych fosforu.

4, We frakeji polgczen fosforu tworzacych rozpuszczalne sole baru strgcalne
alkoholem (frakcja II) stwierdzono wspoétdzialanie miedzy temperaturg a odmiana.
Krzywe zmienno$ci zawarto$ci fosforu tej frakeji mialy przebieg podobny u od-
miany jarej w obu temperaturach i ozimej w temperaturze jaryzujacej; nato-
miast odmienny u odmiany ozimej w temperaturze 22°C. U tej ostatniej, odwrotnie
niz u trzech pozostalych obiektéw nie obserwowano w czasie kietkowania zwigk-
szania sie zawarto$ci fosforu w przeliczeniu na sucha mase kielkow.

5. W oparciu o zalozenie — zgodnie z postepowaniem analitycznym —ze gloéwna
mase frakcji II stanowig ufosforylowane metabolity glikolizy, moZzna uwazaé, iZe
u odmiany ozimej pod dziataniem niskich temperatur metabolizm utleniania cu-
kréw zblizyt sie na etapie glikolizy do typu charakteryzujacego odmiang jara.
Natomiast wyzsza temperatura kielkowania nie sprzyjala glikolizie u odmiany
ozimej. W pracy przedstawiono prdbe wyjasnienia tych zaleZno$ci na tle ogdlnie
znanego zwiekszania intensywnoéci oddychania pod wplywem podwyZszonej tem-
peratury.

Wyniki pozwalaja sadzié¢, ze glikoliza jest bardzo istotnym etapem w procesie
jaryzacji pszenicy ozimej odmiany ‘Ostka Zlotoklosa’, umozliwiajacym dalszy bieg
metabolizmu zwiazanego z indukeja termiczna.

6. Podobne jak we frakeji II, jednak nieco mniej wyrazne wspoldzialanie
migdzy temperaturg i odmiang obserwowano rowniez we frakeji III zawierajgce]j
nie oznaczone dotgd zwigzki fosforowe. Autorka nie wyklucza mozliwosci, ze te nie
zidentyfikowane polgczenia fosforu mogg mie¢ znaczenie w indukceji kwitnienia
form ozimych i jarych pszenicy. Przypuszcza sie, Zze ich synteza =zalezy, byc
moze, od przebiegu glikolizy i osiagnietego poziomu zawartoéci nukleotydow ADP,
ATP. Badania nad zmienno$cig labilnych polgczen fosforowych zostang omowione
w II czedci pracy nad dynamika kwasorozpuszczalnych zwiazkéw (Barbaro 1971).
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