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SUMMARY

Pollen tubes grow through the stigma and the style after pollination of spermatophyta, where-
upon fertilization can take place in the ovules. During the growth of hundreds of pollen tubes
through the style, an interaction occurs between the style tissue and the pollen tubes. This
interaction finds expression in various kinds of metabolic changes which are coupled with
alterations in enzyme activities. Some of these changes in enzyme activities are examined
following compatible pollination of Petunia hybrida.

The acid phosphatases exhibit a decrease in activity after pollination. The other investigated
enzymes show an increase. Following pollination the increase in activity of uridine diphos-
phate glucose dehydrogenase and the aspartate carbamoyltransferase can be ascribed to the
characteristic activities of the pollen tubes. There is a small increase in the alanine amino-
transferase, the aspartate aminotransferase (AsAT) and the glutamate dehydrogenase (deami-
nation) (GDH deamin.) that cannot be ascribed to the increase in activity caused by the
pollen tubes alone. Large increases in activity of the enzymes of the carbohydrate metabolism
take place, viz. of the ketose-l-phosphate aldolase (KPA) and the citrate synthase. An impor-
tant enzyme for the amino acid synthesis, the glutamate dehydrogenase (amination) (GDH
amin.) shows also a great increase in activity after pollination.

It has become clear from interaction experiments that an exchange of substances occurs
between the pollen tubes and the untouched section of the style where pollen tubes have not
yet grown. The GDH amin. and the AsAT show a greater activity in the untouched tissue
which anticipates the growth of the pollen tubes. Thus, a wave of enzyme actvities arise in the
style preceding the growth of the pollen tubes. The increase in the KPA activity, however, is
localized to the site of the pollen tube growth.

The uptake into the crude extract and the incorporation into the protein fraction were
determined before and after pollination with different **C-amino acids. Both before and after
pollination, there is an uptake of different #C-labelled amino acids into the crude style extract
and an incorporation into the protein fractions. The incorporation into the proteins of the
difficuit to metabolize amino acids, namely *C-leucine and *C-threonine, is 10 9, greater after
pollination, but the uptake in the crude extract is about the same before and after. There is less
UC-proline and C-protein hydrolysate taken up and incorporated in the pollinated styles
because a portion of these easy to metabolize amino acids is decomposed or is used for pollen
tube wall synthesis,

It is evident that the GDH of the pollen differs from that of the plant, so that one may
speak of isoenzymes. The GDH of the pollen is synthesized de-novo during the growth of the
tubes. Furthermore, the GDH of the style is activated under the influence of the pollen tube
growth which induces conformational changes in the GDH molecule. By joining the pollen-
and style extract, the GDH deamin. of the style is activated by an undialyzable activator
from the pollen. The GDH from both pollen and style are NAD* specific and have no alanine
dehydrogenase activity.

* Present adress: I.V.T. Wageningen
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1. INTRODUCTION

In order to accomplish fertilization in spermatophyta, it is necessary that the
information stored in the generative nucleus of the pollen reaches the ovule.
Pollination is first needed, followed by the progame phase (PoLyakov 1964),
during which the pollen germinate and form tubes which penetrate the stigma
and grow through the conducting tissue of the style to the ovary. At this stage
the progame phase is ended. Fertilization ends with the syngamy of the sexual
nuclei in the embryo sac.

Germination is easy to imitate in vitro by placing the pollen in a suitable
medium. In vitro germination experiments have been extensively done and have
been reviewed (JOHRI & VASIL 1961 ; LINSKENS 1964a). It has become clear that
increases in enzyme activities take place during the pollen germination in vitro.
This is not surprising since the mere administration of water forces the dry pol-
len out of their condition of rest and high enzyme activities are needed for the
formation of pollen tubes. This pollen germination is coupled with changes in
the sub-microscopical structure (SASSEN 1964; ROSEN c.s. 1964 ; LARSON 1965).

Also, in vivo enzymes of the pollen grain are activated within a few minutes
after contact with the stigma surface (STANLEY & LINSKENS 1964a).

The growth of the pollen tubes through the conducting tissue of the style is
very important for it removes the spatial disjunction of the gametes. .

Under the influence of the pollen tubes which forge their way through the
style, several kinds of alterations take place: the respiration is stimulated
(HsIANG 1951; LINSKENS 1955); the content of the growth hormones increases
rapidly (LUND 1956); the quantities of starch and free sugars alter (LINSKENS
1955; TupY 1961a; PYL'NEV 1962) just as the concentration of free amino acids
(LINSKENS 1955; BELLARTZ 1956; TupY 1961b) and the amount and the com-
position of proteins do (LINSKENS 1955; LinskeNs & TupY 1966). These alter-
ations must be accompanied by changes in enzyme activities. For the manu-
facture of tube material and for the growth through the style, pollen tubes have
a comprehensive set of enzymes at their disposal viz.: catalase, acid phospha-
tases, amylase, invertase, peroxidases, pectinase, tyrosinase and cytochrome
oxidase (PATON 1921 ; VINSON 1927; HAECKEL 1951; IwaNAMI 1956; PobpDUB-
NAYA-ARNOLDI c¢.s. 1961). Enzymes are involved in vivo as was demonstrated
by ScHOCH-BODMER & HUBER (1945, 1947). Stylar cell wall material can be
solved by exoenzymes excreted at the pollen tube tips. It has become clear from
histochemical studies that there are increases in the activities of peroxidase,
dehydrogenases (PYL’NEV & PYL’NEVA 1963) acid phosphatases, amylase and
cytochrome oxidase (SCHLOSSER 1961). During the growth of the pollen tubes
through the style, an alteration of the enzymatic mechanism takes place in
which there is a shift of the glucose metabolism from the Embden-Mayerhoff
pathway to the anaerobic respiration via the hexose-mono-phosphate-shunt
(STANLEY 1958).

In vitro pollen germination experiments concerning enzyme activities give
only to a certain extent information about processes which will occur in vivo.
However, little is known about the alterations of enzyme activities after polli-
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nation and even less is known concerning the nature of these changes. The
joining of the pollen tubes and stylar tissue is characterized by the meeting of
two groups of enzymes and substrates, which react with each other. The alter-
ations accompanying it are not yet known.

The intention of this paper is to report on enzymological investigations into
what is occuring during the growth of compatible pollen tubes through the
style of Petunia hybrida.

Abbreviations

AlAT: Alanine aminotransferase; AsAT: Aspartate aminotransferase; CoA:
Coenzyme A; DEAE-cellulose: Diethylaminoethyl-cellulose; EDTA : Ethylene
diaminetetraacetate-Na salt; GDH: Glutamate dehydrogenase; KPA : Ketose-
l-phosphate aldolase; NAD*: Nicotinamide adenine dinucleotide; NADH:
reduced Nicotinamide adenine dinucleotide; PMS: Phenazinemethosulphate;
TRA: Triethanolamino-hydrochloride; TRIS: Tris (hydroxymethyl) amino-
methane; UDP: Uridine diphosphate; UDPGDH : Uridine diphosphate glucose
dehydrogenase.

2. MATERIAL AND METHODS

2.1 Material

The clones WI66K and T2U of Petunia hybrida were used as the sources of
material. These clones were originally developed by STRAUB (1946) and are
self-incompatible possessing the self-incompatibility alleles S,S, and S;S,
respectively. However, only the compatible intraspecific combination WI166K x
T2U was studied. Plants were cultivated in a greenhouse in normal daylight
supplemented with Mercury lamps (8:00-00:00 h., Philips HW 500, intensity
about 10,000 lux). The flowers were gathered in the bud stage just before the
anthesis. After cleaving the corolla with tweezers, the anthers were removed.
Following three or four hours of acclimatizing in a beaker filled with tap water
in an oven at 25°C, one group of these flowers was abundantly pollinated with
fresh pollen and the other was left unpollinated. At selected times after polli-
nation, styles were collected and used for the analyses.

2.2 Analysis of the growth of pollen tubes

After treatment of the squashed styles with Wasserblau, the pollen tubes are
visible in the fluorescence microscope (LINSKENS & Esser 1957). Using the
millimeter scale the distance which the six fastest-growing pollen tubes had
covered through the styles was measured.

2.3 Preparing the extract

Prior to extraction, the stigmata were removed from both pollinated and un-
pollinated styles with a sharp razor blade, so that the germinated and unger-
minated pollen, still present on the stigma, were not included in the extract.
In this way, only the styles were extracted. Consequently, the analyses of the

Acta Bot. Neerl. 16(1), July 1967 3



H. P. J. R. ROGGEN

processes during the first three to four hours are lost because the pollen have
not yet penetrated into the styles. Analyses carried out within four hours after
pollination do not show any significant alteration in activity with regard to the
unpollinated control. It is not very likely that an explosion of enzyme activities
is taking place in the whole style during the first three hours because in all en-
zyme analyses the activity rises from control values at three hours until the
maximum is reached after 10 or 12 hours. The styles were homogenized in a
cooled mortar and pestle together with a small amount of pure quartz sand and
the same buffer with which the enzyme tests (2.5) were carried out. The quantity
of extract buffer was chosen in such a manner that 1 to 2 mg protein per ml was
present. Following homogenization at 4°C during 20 minutes, the extracts were
centrifuged for 20 min at 8000 g at 4°C and the clear supernatant was used for
various enzyme tests. - . :

2.4 Protein analysis

The amount of protein was analyzed by the biuret reaction (GORNALL c.s. 1949
as modified by HEINEN 1963).

2.5 Enzyme tests

2.5.1 Acid phosphatase (EC 3.1.3.2!) and alkaline phosphatase (EC 3.1.3.1).
The phosphatases catalize the hydrolitical splitting of monophosphoric esters.
P-nitrophenylphosphate is used as substrate for the acid phosphatases as well
as for the alkaline phosphatases. After the phosphate is removed, the yellow
color of p-nitrophenol in alkaline milieu can be measured in a colorimeter. The
amount of per time unit released p-nitrophenol is a standard for the phosphatase
activity. The activity is expressed as the extinction at 546 nm caused by 1 mg
protein in 1.20 ml reaction mixture during 30 min at 37°C measured against a
blank with water.

2.5.2 Ketose-l-phosphate aldolase (KPA) (EC 4.1.2.7)

KPA catalizes the reaction: fructose-1,6-diphosphate = D-glyceraldehyde-3-
phosphate + dihydroxyacetone-phosphate. In the absence of triose phosphate
isomerase (EC 5.3.1.1) the two triose phosphates are present in equal quantities
at equilibrium. However, when this enzyme is added, conversion of D-glyceral-
dehyde-3-phosphate to dihydroxyacetone-phosphate is catalized. At equilib-
rium 96 % of the triose phosphate is present as dihydroxyacetone-phosphate.
The latter is reduced by NADH in the presence of a-glycerophosphate dehydro-
genase (EC 1.1.1.8) according to the reaction: 2 dihydroxyacetone phosphate -
2 NADH + 2 Ht — 2« -glycerophosphate + 2 NAD*. When these reactions
are combined together, the sum reaction is: fructose-1,6-diphosphate + 2
NADH + 2 Ht — 2« -glycerophosphate + 2 NAD,

The consumption of NADH is proportional to the cleaved quantity of
fructose-1,6-diphosphate, if aldolase is the limiting factor. The reaction mix-

1), See: Enzyme Nomenclature. Union of Biochemistry. Elsevier Publ. Comp. Amsterdam-
London-New York 1965.
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ture contained: 2.75 ml 0.056 M Collidine buffer pH 7.4; 10~*M mono iodoa-
cetate; 2 X 1073 M fructose-1,6-diphosphate; 0.05 ml 0.015 M NADH; 0.01 ml
glycerophosphate dehydrogenase/triose phosphate isomerase (2 mg enzyme
protein per ml (see 2.9), x ml enzyme extract and y ml water to a total of 3 ml.
The activities are expressed as the change in extinction (A E) at 340 nm
caused by 1 mg protein in 3 ml reaction mixture after 10 minutes at 37°C.

2.5.3 Alanine aminotransferase (AIAT) (EC 2.6.2.1) and Aspartate amino-
transferase (AsAT) (EC 2.6.1.1)

AIAT catalizes the reversible reaction alanine + 2-oxoglutarate = glutamate 4+
pyruvate. By addition of lactate dehydrogenase (EC 1.1.1.27), the developed
pyruvate is coupled with the reaction: pyruvate + NADH + H*t = lactate +
NAD*. The NADH consumption is proportional to the amount of formed
pyruvate and indicates the activity of the AIAT. The reaction mixture contained:
2.70 mt 0.1 M phosphate buffer pH 7.4 4+ 0.11 M alanine; 0.05 ml 1.2 x 10-2
M NADH; 0.05 ml 0.050 mg/ml lactate dehydrogenase (see 2.9); x ml enzyme
extract; and y ml water to a total of 2.90 ml.

After standing 10 min at 25°C 0.10 m1 0.2 M sodiumglutarate was added. The
extinction decrease A E at 340 nm as a result of the transformation of NADH
into NAD* caused by 1 mg protein in 10 min at 25°C in the above mentioned
reaction mixture was used as a measure of activity.

AsAT catalizes the revesible reaction: glutamate 4+ oxaloacetate = aspartate
+ 2-oxoglutarate. The activity of the transaminase is measured by reacting the
oxaloacetate, which was caused by the reaction proceeding from right to left,
with 2,4-dinitrophenylhydrazine. The color of the hydrazone that is formed in
alkaline milieu is proportional to the amount of formed oxaloacetate and thus
represents the extent of the transaminase activity. The analysis is carried out as
follows: 1.00 ml 0.1 M phosphate buffer pH 7.4 containing 0.1 M L-aspertate
and 2 X 103 M 2-oxoglutarate; x ml enzyme extract and y ml water to a total
of 1.2 ml. After incubating this 60 min at 37°C 1 ml 0.001 M 2,4-dinitrophenyl-
hydrazine is added and the mixture is left at room temperature for 20 min.
Then 10 ml 0.4 M NaOH is added and after 5 min the extinctions are measured
against a blank which contained water instead of the enzyme extract. The
extinction at 546 nm caused by 1 mg enzyme extract in the above mentioned
reaction mixture is used as the measure of the AsAT activity.

2.5.4 Glutamate dehydrogenase (EC 1.4.1.3)

The activity of this enzyme is analyzed in two directions by means of an
absorption change at 340 nm when the proportion of the NADH and NAD*
alters.

2.5.4.1 Direction of the amination (GDH amin.)

This enzyme catalizes the reaction: 2-oxoglutarate 4+ NH; + NADH + Ht —
L-glutamate + H,0O + NAD+. The following reaction mixture is prepared:
2.00 ml 0.05 M triethanolamine buffer pH 7.8 + 0.004 M EDTA; 0.10 mI3.2M
ammonium acetate; 0.05 ml 0.001 M NADH; x ml enzyme extract; and y ml
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water to a total of 2.50 ml. Extraneous NADH oxidation, if any, is measured
and the reaction is then started by adding 0.05 mi 0.4 M 2-oxoglutarate neu-
tralized with NaOH. The decrease in the extinction A E at 340 nm as a con-
sequence of the oxidation of NADH to NAD+ during 10 min at 25°C caused by
1 mg protein in the above mentioned reaction mixture is used as a measure of
activity,

2.5.4.2 Direction of the deamination (GDH deamin.)

This enzyme catalizes the reaction: L-glutamate -+ H,0 + NAD* — 2-oxo-
glutarate + NH; + NADH + Ht. The following reaction mixture is em-
ployed: 2.00 ml buffer as under 2.5.4.1; 0.05 ml 0.001l M NAD*; 0.025 ml
0.4 M L-glutamate neutralized with NaOH; x ml extract; and y ml water to a
total of 2.50 ml. The increase in the extinction (A E) at 340 nm as a consequence
of the reduction of NAD+ to NADH during 10 min at 25°C caused by 1 mg
protein in the above mentioned reaction mixture is used as a measure of activity.

2.5.5 Uridine diphosphate glucose dehydrogenase (UDPGDH) (EC 1.1.1.22)
This enzyme catalizes the reaction: UDP-glucose + 2 NAD* 4 H,O = UDP-
glucuronate 4+ 2 NADH, + 2 Ht, The following reaction mixture is employed:
2.00 ml 0.2 M tris-HCI buffer pH 8.7; 0.25 ml 0.001 M uridine diphosphate
glucose; 0.05 ml 0.025 M NAD+; x ml extract; and y ml water to a total of
2.50 ml. The increase in the extinction (A E) at 340 nm as a consequence of the
transformation of NAD+ into NADH during 10 min at 25°C caused by 1 mg
protein in the above mentioned reaction mixture is used as a measure of
activity.

2.5.6 Aspartate carbamoyltransferase (EC 2.1.3.2)

This enzyme catalizes the following reaction: carbamoylphosphate -+ L-
aspartate = orthophosphate - N-carbamoyl-L-aspartate. The aspartate
carbamoyltransferase test was carried out in the following incubation medium
(GERHARD & PARDEE 1962): 15 mM L-aspartate; 8 mM dilithium carbamoyl-
phosphate; 50 mM tris-HC1 buffer pH 7.0; 0.2 ml enzyme (extracted with
0.005 M phosphate buffer pH 7.0); total volume 1 ml.

The N-carbamoyl-L-aspartate which is formed during the 30 min incubation
at 28°C, can be analyzed according to the procedure of Koritz & CoHEN (1954),
To 1 ml incubation medium was added: 2.00 ml 50 % H,SO,; 0.035 ml 1%
sodium diphenylamine; and 0.08 ml diacetyl monoxime. After shaking the
mixture is boiled in a water bath for 10 min and is cooled in streaming tap
water. After adding 0.08 ml of 1%, potassium persulphate and shaking quickly,
the samples are placed in boiling water for another minute. They are then
cooled down again in streaming water in the dark to room temperature and
after 10 min, the extinction is measured at 546 nm against a blank treated in the
same way except that the enzyme is replaced by water. The extinction at 546 nm
in 1 cm glass cuvettes caused by the formed and colored N-carbamoyl-L-aspar-
tate is used as the measure of activity.
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2.5.7 Citrate synthase (EC 4.1.3.7) (condensing enzyme)

This enzyme catalizes the reaction: acetyl-CoA 4+ H,O + oxaloacetate = cit-
rate + CoA. For the analysis of this enzyme, the above reaction is coupled
through addition of malate dehydrogenase to the reaction L-malate + NAD*
= oxaloacetate + NADH + H7, so that the complete reaction is: acetyl-CoA
+ L-malate + NAD* 4 H,0O = citrate + CoA + NADH + H*, The reduc-
tion of NAD* to NADH is used as a measure of the activity of the citrate
synthase. The following reaction mixture is prepared (OcHOA 1955) in !/, cm
quartz cuvettes: 0.75 ml1 0.1 M tris-HCl pH 8.0; 0.20 ml 0.05 M potassium-L-
malate; 0.10 ml 0.008 M NAD™; malate dehydrogenase 3 y = 150-200 units
(Boehringer); 0.03 ml acetyl-CoA ; x ml enzyme; and y ml water to a total of
1.5 ml. The acetyl-CoA is prepared from CoA using the method of Simon and
Shemin (SiMON & SHEMIN 1953). The extinction increase (A E) at 340 nm caused
by the transformation of NAD* into NADH during 10 min at 25°C by 1 mg
protein is taken as the measure of activity.

2.6 Column chromatography of GDH

2.6.1 Column chromatography of GDH on DEAE-cellulose

The column employed was 1 X 16 cm and was filled with DEAE-cellulose. After
washing with 50 ml triethanolamine buffer pH 8.0 + 0.02 M EDTA, the style
extract was applied and was eluated with a linear (0.02-0.40 M) NaCl gradient
in 0.05 M TRA buffer pH 7.8 + 0.003 M EDTA with a flow rate of 6 ml/h.
The fractions of 1 ml were collected with a fraction collector and tested for the
GDH amin. acitivity. To extract the GDH, 70 styles were homogenized with
1.5 ml 0.05 M TRA buffer pH 7.8 + 0.003 M EDTA. After centrifuging for
20 min at 8000 X g, 1 ml of the clear supernatant was placed on the column.

2.6.2 Column chromatography of GDH on Sephadex G 200

A column of 2.5 X 40 cm was prepared with Sephadex G 200, which was
swelled for 48 hours in 0.05 M TRA buffer pH 7.8 4+ 0.002 M EDTA. Anextract
was made of 1000 WI66K styles (4- 5 gr fresh weight) with 10 ml buffer in the
same way as described in 2.6.1. To lessen the volume, the extract was dialyzed
in a collodion tube at 4°C against water under a relative air pressure of 0.7 atm
until the volume was reduced to 1.5 ml. The eluating buffer was the same as the
extraction buffer and 2 ml fractions were collected.

2.7 Polyacrylamide gel electrophoresis and GDH coloring with
Nitro-blue tetrazolium
Separation of the proteins was carried out with disc electrophoresis according to
ORNSTEIN (1964) and Davis (1964). Coloring of the GDH was accomplished
with the reaction sequence: glutamate 4 H,O 4+ NAD* = 2-oxoglutarate
NH; + NADH + H*; NADH + phenazinemethosulphate — NAD* +
reduced PMS; reduced PMS —+ nitro-bluetetrazolium (colorless) —PMS + redu-
ced nitro-bluetetrazolium (purple).
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This reaction is carried out as described by ZONDAG (1964) with glutamate as
substrate. The gels are incubated for 1.5 hour at 30°C,

2.8 Determination of radioactivity

2.8.1 Determination of radioactivity in GDH labelled with *C-leucine and
separated on polyacrylamide gels

After staining the GDH (see 2.7), the colored zones were sliced out of the gels
and hydrolized for 12 hours in concentrated HCl at 120°C in sealed glass tubes.
A sample of 0.5 ml of this hydrolysate was dissolved in 20 ml scintillation fluid
(toluene-alcohol 1:1 4+ 0.49% PPO and 0.005% POPOP, both from Pilot
Chemicals Inc.). The counting was done in a Tricarb liquid scintillation counter
(Packard) with estimated efficiency of 45 %,.

2.8.2 Determination of radioactivity in crude extracts and proteins labelled
with different 1¥C-amino acids

Dried samples were counted with a G.M.-type tube (Philips 18505).

29 Equipmentand chemicals

The colorimetric tests were analyzed in the Eppendorf colorimeter in 1 cm glass
cuvettes.

The analysis of the oxidoreductases was carried out with the Zeiss PMQ II
spectrophotometer or the Bausch and Lomb Spectronic 505 with an attached
Hitachi QPD 33 recorder. The holder for the 1 cm quartz cuvettes was equipped
with an arrangement to hold the temperature constant. The fraction collector
with associated apparatus came from L.K.B. The acid and alkaline phospha-
tases, the KPA, the AsAT and AIAT were analyzed with the test combinations
TC-P; TC-Q; TC-D; TC-R; and TC-S respectively of Boehringer, Mannheim,
W. Germany. The radioactive compounds were obtained from the Radio-
chemical Centre, Amersham, England. All the other chemicals were ordered in
the highest degree of purity from BDH, Boehringer, Merck, NBC, Pharmacia
and Serva,
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3. RESULTS

3.1 Pollen tube growth after intraspecific compatible pollination
Wi66K x T2U

In the combination W166K x T2U (S,S; X S3) 4= 400 pollen tubes per style grow
through the conducting tissue at the rate of approximately 1 mm/h (fig. I).
The growth of the pollen tubes in the cut buds is the same as when the buds are
left on the plant (LINSKENS & TuPY 1966). Alterations occur in the styles due to
this active growth of the pollen tubes. First various divergent enzymes of the
cell metabolism are screened.
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bes in the style of Petunia clone W166K (S,
S,).

— hours after pollination
Fig. 2. Alteration in the activity of the
specific acid phosphatase in cross-pollina-
ted and unpollinated styles at various times

after pollination.

3.2 Comparison of enzyme activities in pollinated styles, unpol-
linated stylesand in pollen

3.2.1 Changes in acid and alkaline phosphatase activities

The alkaline phosphatases were not demonstrable either in the pollinated or in
the unpollinated styles and S; pollen. On the other hand, the acid phosphatases
are present in very high activity, but it is observed in fig. 2 that this activity de-
creases about 509 after pollination. This is in contrast to all other tested
enzymes in which increases of activity developed after pollination.

3.2.2 Alteration in the activity of KPA

It appears from fig. 3 that a specific increase in activity of KPA of 509 occurs,
which falls back to the control value of the unpollinated styles as the pollen
tubes complete their growth through the style. Numerous experiments were
performed in order to determine whether the increase of activity after pollina-
tion on the plant is as great as after cutting of the buds as mentioned in 2.1. It
was evident, that as far as the KPA activity was concerned, it made no difference
whether the flowers were pollinated on the plant in the greenhouse or if they
were cut off and placed in water.
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3.2.3 AsAT and AIAT activities

The increases in activity of AsAT and AIAT after pollination are small, that is,
approximately 10 to 159 (see fig. 4 and 5). The specific activity of AsAT is

15 X greater than that of A1AT.
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3.2.4 Alteration in GDH amin. activity
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3.2.5 Changes in aspartate carbamoyltransferase activity

Fig. 7 illustrates that an activity increase of approximately 30-409/ occurs for
aspartate carbamoyltransferase following pollination.

One may wonder if the observed changes in enzyme activities are the con-
sequence of the addition of the enzyme content of the pollen tubes or whether
these activities can be imputed to a real alteration in activity of the combination
style and tube. In order to check this, the enzyme activity was calculated per
style and per 500 pollen tubes which represents the average number growing
through this style.

3.3 Comparison of enzyme activities of the pollen alone, and the
pollinated and the unpollinated styles

The absolute activity per style and per 500 pollen tubes of the different enzymes
are presented in table 1. .

Table 1. Comparison of the enzyme activities of unpollinated and pollinated styles with the
activities of the S; pollen alone.

anzyme activities onzyme activities enzyme activities % increase
per style per 500 polien per style of
invitro L) activtes
anzyme §1 84 ungerminated germinated hours after L
2 (4 hours) pollination ofter pollination
acid phosphatase 2500 0.067 2.013 2.478 =21
batose-1-phosphate 0.098 0.001 0.004 0.147 4“4
aldolase
alanine
aminetransierase 8.07% 8.001 8002 8.835 24
aspartate .
aminotransterase 8.378 8.008 0.014 0.431 18
E0K amin. 2.03% 8.005 2.001 0071 75
60K deamin. 8.034 —_— 2003 2.042 17
YoPGoN 8.001 2.007 0.007 2.008 [
citrate synthase 8.132 8.002 8.005 2.187 38
aspartate
carbemayltransferase 8.028 8.008 2010 8040 [}

It is apparent from table 1 that especially the enzymes of the carbohydrate
metabolism, i.e. KPA and citrate synthase, display activities which are greater
than the joint enzyme activities of the unpollinated styles plus the pollen tubes
which are growing through it. AsAT and AIAT are 10 and 249, more active
than can be ascribed to the increase of enzyme activities caused by the growth
of the pollen tubes alone. The transfer of amino groups is rather great which
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can point to an active metabolism of amino acids. Of the examined enzymes, the
increase in the activities of aspartate carbamoyltransferase and UDPGDH are
explainable as the summation of the enzyme activity of the S, pollen in the S,S,
styles, and in these cases, there is no question of a ,,real” increase of the activi-
ty in the pollinated styles.

The activity of the GDH amin. is strongly mcreased (75%,) after pollination
which can point to enhancement of the glutamate synthesis. Despite the rather
high activity of the acid phosphatases in the S; pollen, the activity of these acid
phosphatases decreases 219, after pollination, so that the obvious activity
in the style is reduced from 0.600 + 0.13 = 0.613 to 0.470. Thus, generally
speaking, one can state that alterations in enzyme activities occur in pollinated
styles which cannot be ascribed to a simple addition of pollen and style.

The enzyme activities of the intraspecific combination S;S, X S, are not only
an addition of activities of styles and S, pollen, but also the result of an inter-
action between the 500 pollen tubes and the conducting tissue of the style
through which they are growing. One may wonder what the nature of this
interaction is. In other words, why does the combination S;S, X S, differ from
the sum of the parts, style tissue and pollen? To shed light on this question, the
pollinated system (S,S, X S;) was compared with the unpollinated system
(S,S,) in the following ways:

a. the distribution of enzyme activities in different sections along the length of
the style was examined before and after pollination;

b. and the course of the uptake of radioactive labelled amino acids into the
style was studied before and after pollination.

3.4 Inquiry into the nature of the alterations which take place
within styles after pollination
3.4.1 Distribution of different enzymes in the pollinated and unpollinated
styles

3.4.1.1 Distribution of the KPA activity in the style

Fifty unpollinated styles and as' many cross-pollinated styles 9 hours after
pollination were analyzed. The specific activities (see 2.5.2) of the various parts
of the style are shown in rable 2,

Table 2. Distribution of the specific KPA acuvxty in the style of Petunia before and after
compatible pollination.

crass-pollinated wnpollinated
specific specific

Si8px8y | Mo WPA activity 5151 | M APA activity % incroase
- Ry -+ —- D]

! 230 12 v 143 2 0.0 "

2 o 200 2 203 2001 ’

H 012 £ 001 ¥ 811 20.0 [

e NG
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Table 3. Distribution of the specific AsAT activity in the style of Petunia before and after
pollination with compatible pollen.

cress-pollinated wnpollinated
specific specific 5
815318y | Me. AsAT activity $15; Ne. Asd” activity % increese
iﬁ H 125 3885 r 115 2002 10
2 1.8 2084 2 130 2083 1%
3 2.02 3005 ¥ 28, 2085 ’
05 {3

One can conclude from table 2 that an increase of 609 in the KPA activity
occurs only in that section of the style in which S; pollen has grown. Thus, there
is no KPA reaction of the stylar tissue which is not yet in contact with the
pollen tubes.

3.4.1.2 Distribution of the AsAT activity in the style

For the determination of the distribution of the activity, 50 unpollinated and
50 cross-pollinated styles 9 hours after pollination were taken. For the cal-
culation of the measure of activity, see 2.5.3.

It is apparent from table 3 that not only 109/ increase in the AsAT activity
has taken place in that section of the style where the pollen tubes are in contact
with the stylar tissue (compare no. 1 with no. 1°), but also an increase of 199, in
the section of the style which the pollen tubes have not yet reached (compare
no. 2 with no. 2’). In the lowest section, no increase of activity took place
{compare no. 3 with no. 3°).

3.4.1.3 Distribution of the activity of the GDH amin. in the style

In this experiment also, 50 unpollinated and 50 pollinated styles 9 hours after
pollination were examined. The specific activity of the GDH amin. is expressed
in values explained in 2.5.4.

An increase (25%) in GDH activity takes place in the section of the style
where pollen tubes are present (compare no. 1 with no. 1’ in table 4). GDH is
also activated (13 %) in the section of the style which the pollen tubes have not
yet entered (compare no. 2 with no. 2’ in table 4).

These results point to the fact that the interaction between the 8,8, style and
the S; pollen tubes which grow through it are not necessarily restricted to the
site of immediate contact between the pollen tubes and the style, at least so far
as GDH amin. and AsAT are concerned. The increase in KPA only takes place
where pollen tubes are present, thus on sites where an increased carbohydrate
metabolism is needed and probably occurs. To obtain further insight into the
increase in activities of the two amino acid transforming enzymes which occur
in the section of the style which the pollen tubes have not yet entered, it was
meaningful to compare the uptake of 1*C-amino acids before and after polli-
nation.
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Table 4. Distribution of the specific GDH amin. activity in the style of Petunia before and

after pollination.

cross-poliinated wnpollineted
itit | ocifi .
515225y | Ne. M’:::;ixty $152 Ne. "":“: ”'ft’ % increase
1 111 2002 r 808 32002 25
2 . 0.84 3002 2 8.7 £002 V2]
7N I3
{ {

3.4.2 Course of the uptake of radioactive labelled amino acids in the style before
and after pollination

It is apparent from fig. 8—11 that the applied *C-amino acids are takenup into
the styles, for there is a rise in cpm in the crude extract, which is particularly
high when the 1*C-protein hydrolysate is offered (fig. 17). This is probably caused
by the removal of the corolla and sepals. However, the incorporation into
proteins is not influenced by this removal, fig. 11. There is no difference in
uptake in the crude extract of 4C-threonine and “C-leucine before and after
pollination (fig. 8 and 9), but following pollination ¥C-proline and *C-protein
hydrolysate cpm decrease (fig. 10 and 11). Since pollen tubes normally utilize
amino acids of the amino acid pool in the stylar tissue as substrate (Tury 1961b),
it is not surprising that the quantities of the easily metabolized proline and most
other amino acids of the protein hydrolysate decrease after pollination, for
these amino acids can be oxidized to CO,. The striking decrease (40%;) of 14C-
proline in the crude extract as well as in the protein fraction after pollination
can be ascribed, in addition to consumption in respiration, also to the incor-
poration into collagenlike proteins associated with pollen tube walls which are
sedimented during the centrifugation and are consequently not counted
(BrITIKOV C.8. 1965).

The incorporation of ¥C-amino acids into proteins is indicated with dotted

Fig. 8. Uptake of C-threonine into the crude

b —— crude extract S extract and incorporation into the protein frac-
— == protein fraction a tion of 15 S,S; and 15 8,8, X S; styles at various ti-

T 515245 mes after pollination.
o Emasculated buds were placed in beakers with 2.0
ml H,0-0.5 ml *C-threonine (0.05 mC in 5 ml

com 1107 of HC-thraonine in 15 styles
"~ L]
T T
q

H.0). The styles were extracted with 1.2 ml 0.05

] $152x5 M TRA-buffer pH 7.72 x 0.1 ml of this extract
. .z ,'—l-':’ | Wasdriedand counted in the GM tube. From the
.,¢" remaining 1 ml, the protein was precipitated with
1 0 ot 3 ml ice cold acetone. After dissolving again in 1
i ml of the above-mentioned buffer, the dried sam-

¢ 4 1 oz K 2 X NN ples were counted.

——= hoars after pollination

14
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E F crude extract 5 ¢} w———crude extroct 5
E ------ protein fraction S1S2x 8y & | m=—— protain Iraction °
2 o 2
&S o i
E,L / 552 -
$ o #
s o 3
%, 22
R =2
5 5
& $1524 8y
o
I 1+ Pl ::. I 1
. ettt D) d
Pt y
—F“l’ ! ' ! 1 1 1 -8
¢ 4 8 12 K N X N 2 ¢ 4 &8 12 B X X 2 2
——— haurs after pollination —— howrs after pollination
Fig. 9. Uptake of *C-leucine into the Fig. 10. Uptake of ¥C-proline into
crude extract and incorporation into the the crude extract and incorporation
protein fraction of 158,S;and 158,S, X into the protein fraction of 15 _SIS,
S;stylesat various times afterpollination. and 15 S,S; X S; suwyles at various times
For the method, see legend fig. 8. after pollination. For the method of de-

termination, see legend fig. 8.

3 1L}

f 12p- == crude axtrect 5152

% nk === protein fraction

2

: ol
Fig. 11. Uptake of “C-amino acids into the crude E 18 0,515
extract and incorporation into the protein fraction of
15 S,;S; and 15 S,S, X S; styles at various times af- -:;_' Ir
ter pollination. The sepals were removed and the [ =
corolia was cut away to the point where the stamens & o
arise. Pollen tubes did grow further after this treat- i o
ment! Afterwards, these buds were placed in beakers 2k _e5i%
with 1.3 ml H,O + 1.2 ml “C-Chlorella protein + ’,—::—"‘5131'51
hydrolysate (0.05 mC in 5 mi H,0). For further met- __:_;:3'-—"
hods of extraction, protein precipitation and counting, e Errwmmee e

? & 8 17 B N N 2
——— hours after pollination

see legend fig. 8.

lines in figs. 8—11. The incorporation of the difficult to metabolize amino acids,
namely threonine and leucine, is 109, greater after pollination which points to
a protein synthesis (figs. 8 and 9). According to determinations of protein with
the biuret method, the protein content is usually 109, greater after pollination
using equal numbers of styles. This is not in agreement with the data of
Linskens & TuprY (1966). They found a decrease of protein content after cross-
pollination. Presumably this discrepancy is due to the fact that they have not
removed the stigmata. It is possible that the proteins of the ungerminated
pollen might be decomposed. The incorporation of ¥C-proline and 4C-protein
hydrolysate is less after pollination which is attributed to the decomposition of
these more easily metabolized amino acids.
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To this point, we have seen there is an interaction between pollen and styles,
the nature of which is not yet clear. To clarify the situation for at least one case,
GDH was studied in more detail to find out what happens to this enzyme after
pollination. GDH was chosen for the following reasons:

1. the large increase in activity which occurs after pollination:

2. the important role of GDH in linking carbohydrate and amino acid meta-
bolism;

3. the reliable and efficient methods of determination.

3.5 Nature of the changes in the GDH which take place after pol-
linationand duringthe growth of the S; pollen throughthe S, S,
style

In order to trace how far the GDH in the unpollinated system may be compared

with the GDH of the pollinated system, the concentrations of the enzyme

extract, the substrate and the coenzyme are varied in turn.

3.5.1 Comparison of the GDH amin. in unpollinated S,S, styles and S, S, styles
which are pollinated with S; pollen

3.5.1.1 Variation of the amount of enzyme extract

50 S,S, and 50 S;S, X S; styles were extracted 20 hours after pollination with
3 ml 0.05 TRA buffer pH 7.8 + 0.004 EDTA. The extracts contained 1.75 mg
protein/ml in both cases.

Fig. 12 shows that in both pollinated and unpollinated styles, the act1v1ty of the
GDH is proportional to the enzyme concentration within the limits of the
enzyme concentrations used in the experiments (namely: 0.1-0.4 ml).

2 0500 g
F 2500} 515225, a §
g / z L
N 2400} o . < vz00 / o————0
= ﬁ-’: 8
0308 ° = o e @
] A
0.200| /u gm0
)
vl o t
L 1 i L 1 L 1 1 ] 1 i
00 o1 82 8y 84 05 05 ¢ 4 1 17 5 2 X%
——— ml enzyme extract ——o mM 2-exoglutarate
Fig. 12. Variation of the enzyme Fig. 13. Variation of the substrate
concentration in the GDH test in concentration in the GDH test in
cross-pollinated and unpollinated S:S; and S;S; X S; styles.
and styles.

3.5.1.2 Variation of the substrate concentration

0.2 ml extract was taken from 3.5.1.1 and the concentration of the 2-oxogluta-
rate was varied. Fig. 13 illustrates the hyperbolic form of the substrate curve
in both pollinated and unpollinated styles. All further GDH enzyme tests were
carried out with a 8 mM 2-oxoglutarate solution, because with such a concentra-
tion, the GDH is saturated with substrate,
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Fig. 14. Variation of the coenzyme concentration in 0300

the GDH test in cross-pollinated and unpollinated 3

styles. E $15, %83
% 8.200 /n———n
s S g———
§ o 5152
S
5 01 /
I L 1 1

0 0.05 0.1 015
— oM NADH

3.5.1.3 Variation of the NADH concentration

0.2 ml extract was taken from 3.5.1.1; 0.10 mM NADH was always utilized for
the GDH amin. enzyme test and as appears from fig. 14, this is precisely in the
plateau region where obviously no more coenzyme is necessary to have the
reaction proceed optimally. Furthermore, it was found that the GDH amin.
exhibits a broad and flat pH optimum between 6.8 and 8.3. No oxidoreductase
reaction took place with NADP+ and NADPH and no alanine dehydrogenase
could be observed.

Enzyme, substrate and coenzyme were varied for the GDH deamin. also. It
was found that the same conditions were given with GDH deamin. as with the
GDH amin. test discussed above.

Now that it is clear that the measured activities are a suitable parameter for
the amount of enzyme, the GDH activities in S;S, styles can be compared with
each other before and after cross-pollination and it is meaningful to proceed
with research into the nature of the increase in activity of the GDH.

3.5.2 Fractionation of S;S, and S;S, X S; styles with ammoniumsulphate;
fractions tested for the GDH amin. activity

0.6760 gr fresh weight of S;S, and S;S, X S, styles (20 hours after pollination)
were used in this experiment. The extraction was carried out with 5 ml 0.05 M
TRA buffer pH 7.8 4 0.004 M EDTA. The protein fractions precipitated with
different ammoniumsulphate concentrations were dissolved in 2 ml extraction
buffer and were dialyzed against the same buffer for 12 hours at 4°C. After

E“’" total: 1460 7 total: 2.256

§ gor0f- 0070} 7

§ 55 $153%8; Z

S ooso} 0080 hatter |

3 pollination %%

£ oosof- 7 0050} %ﬁ%

2 ool %% o040t %%é

B . .

o030 ZZ% o030} Z%é

Fig. 15. Distribution of the spec- o020} ZZ%W aoz20k 7%2%
ific GDH amin. activity of different o & é%%é s é%é%%
ammonium sulphate fractions of : 4 %
unpollinated and cross-pollinated 79775 759975

10 20 30 40 50 60 70 80 90 100 % 10 20 30 40
style extracts. ammonium sulfate

s
8
S

50 70 80 30100

ammonium sulfate
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dialyzing, 0.5 ml was used for the GDH test and the protein content was
determined. The distribution of specific activity over the different fractions is
shown in fig. 15. The measure of activities is expressed as mentioned in 2.5.1.

The sum of the specific activities of the different fractions is much greater
after pollination than before, and it is, moreover, apparent that the distributions
of the various fractions differ. That is to say, a GDH activity is present in the
30 and 409, ammoniumsulphate precipitate from pollinated styles which is
lacking in unpollinated styles. The results pointed to an alteration of GDH.
Therefore, another separation was carried out employing a more refined frac-
tionation technique.

3.5.3 Chromatography of unpollinated and cross-pollinated style extracts on
DEAE-cellulose; GDH amin. test on the fractions

This experiment was carried out three times according to 2.7 with the same re-

sult. The distribution of the activity of GDH amin. in the different fractions of

one experiment is expressed in the figs. 16 and 17.

§0.200 0.1000 3 50200 01000 g,
g GOH-act. total : 0.356 oo S s GOH-act. total: 0.693 o500 S
= 1™ < % -0.900
- . E ? .
s - 0.600 S S Z ~0.600
s £ = G g
& ’ o700 § S ’ £
s % 58 s = éz 5157 S, =
W 7 192 %% ¥
N ’ Ho.600 s W e o000
£ " 3 7
= %: = %7
S o0 A8 0500 £ om0t +0.500
s 7% s %%
K % 2%
[ %% § %%
. 7 0400 S %% 0400
1 e - 0.300
o 0200 e 0200
7 P Aar
%% 22%%,
gg 5 0100 %? ., 200my 10700
7 m %% te,
o — ™ {4l e

’ ,.. s v,....,v ]

@
s
SR

§ 0 5 20 25 0

—— fractions

Fig. 16. GDH activities after chromato-
graphy on DEAE-cellulose of unpollina-
ted style extract.

—— fractions

Fig. 17. GDH activities after chromato-
graphy on DEAE-cellusose of cross-pol-
linated style extract (20 hours after pollina-

tion).

Comparing figs. 16 and 17, it is striking that the total activity of the GDH is
greater after pollination than before and, moreover, that the GDH activities
are localized in the fractions 3-9 after fractionation of the S;S, styles, whereas
the GDH activity is distributed over many fractions after pollination. This
affirms to the results of the former experiment indicating that the enzyme
activities of the GDH amin. cannot be accounted for by the same protein.

In order to gather further information about the differences between the GDH
proteins, they were separated electrophoretically followed by coloring of the
GDH active regions.
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S:Ss

S

$,S3% S,

leaf

Fig. 18. Alteration of the GDH pattern after polli-
nation.

3.5.4 Comparison of the activity of GDH in pollinated and unpollinated styles
after electrophoretical separation

The method of the polyacrylamide electrophoresis and the coloring of the GDH
with nitro-bluetetrazolium were described in 2.8. Following coloring, sharp
violet bands are visible in the gel at the sites of GDH activity.

Fig. 18 shows photographs of GDH bands in gels. Unpollinated styles and
pollen alone have only one band, x and y respectively, whereas the pollinated
styles have two bands, x* and y’. The extra band y’ which appears in the style
after pollination arises from the pollen, since it is observed that a mixture of
unpollinated style extract and pollen extract produces the same pattern after
electrophoresis as found in pollinated styles. The band z of the leaf extract is
comparable with the band x of the unpollinated style. The GDH of the S,
pollen is not the same as the GDH of the §,S, plant and for that reason, one is
justified in considering these as isoenzymes. The results of the previous frac-
tionation experiments, section 3.5.2 and 3.5.3 can be explained against this
background.

Another experiment as presented in fable 5 has shown that in pollinated

Table 5. Intensities of the GDH bands at various times after pollination, expressed as propor-
tion in weights of the curves, after extinction writing of the gel-photographs.

baurs after | UPP0Minated Rollinated % increase | tetel increase
pollination im':;i "I int;:ns;f{'nf i"';:;g;," of band &' in%
1 1822 1415 315 -28 -1
12 2002 15985 85 ’ 17
22 2877 2728 1324 Ed %
3 2105 2525 1843 28 (1)
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extract the intensity of the extra GDH band y’ exhibits an increase with a
maximum at 22 hours after pollination i.e. when pollen tubes have covered 2/3
the length of the style. After a preliminary decrease the band x’ shows also a
higher intensity after 22 hours.

It is possible to extract the GDH out of the gels by homogenizing with
buffer. One series of gels was colored for GDH to determine the areas to be
extracted. These bands were then sliced and extracted from uncolored gels.
With this method the previous experiment is affirmed for the GDH in both
directions for 22 hours after pollination. It was also observed that both GDH
deamin. and GDH amin. are localized in the same bands. At the reference
site z’ (see table 6) no GDH activity could be demonstrated.

An important problem is to ascertain if this extra GDH band y’ and the
increase in intensity of band x’ are a consequence of a de-novo synthesis or
whether the pollen enzyme brings this about. To investigate this, 1*C-leucine
was incorporated into proteins of pollinated and unpollinated styles which were
extracted and estimated for labelling in the GDH bands.

3.5.5 Protein separation with disc electrophoresis after incorporation of
1C-leucine

Thirty S,S, and as many S,S, X S; buds (20 hours after pollination) were
placed in beakers filled with 3 ml H,O + 1.5 ml ¥C-leucine solution (0.01 mC
in 5 ml H,0). After extraction with 0.05 M TRA buffer pH 7.8 (see 2.3) protein
was precipitated with ice cold acetone (75 %) and the precipitate was dissolved
in 0.6 ml extraction buffer. This protein solution was separated on 5 gels. After
coloring the GDH, the bands were sliced out and counted as described 2.8.1.

Table 6 shows that 41 %, more *C-leucine is incorporated into band y’ than
into the corresponding region z’. This difference varied from 35-419 in three
experiments. This means that there is a de-novo synthesis of the extra GDH
band y’ caused by the growth of the pollen tubes.

Table 6. Incorporation of *C-leucine into the GDH of unpollinated and cross-pollinated
styles (20 hours after pollination).

§8Y dands in pels
[/
’./ Hstyles

om /” p difference
WIsEN WIsENZT20 styles %

. TIx; '
y
b 2720 1]

This is almost in quantitative agreement with the data given in rable 5, where
there was an increase of 499 in the intensity of the band y’ (with regard to
band x°). In all experiments, there was no difference in cpm between band x and
x’, whereas an increase in intensity of 31 %, was observed (see rable 5). This can

100.4

1924
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mean that perhaps under the influence of pollen tube growth, transformations
in the conformations of the GDH take place which result in an activation.
Further inquiries were directed to a possible occurrence of an activation.

3.6 Studies concerning the activation of the GDH

With the extraction method employed a disruption of the mitochondrial system
is brought about and the GDH appears in solution (DixoN & WEBB 1964).
When an extract is made of cross-pollinated styles, the GDH of the stylar tissue
(band x’) and the GDH band of the pollen tubes (band y’) are released together.
It is not likely that the activation of GDH is caused by association of the two
GDH’’s, since after electrophoretical separation band x’ remains highly active.
The increase in activity of band y’ has to be ascribed to de-novo synthesis.

Attempts were made to imitate the activation by combining the style and
pollen extracts.

3.6.1 GDH activities before and after combination of the style extract and the
pollen extract

Tt is clear from fig. 19 that the GDH deamin. is proportional within limits to the
enzyme concentration for both the pollen and the style extract. Thus, it might be
expected that in the combination of these two extracts, the GDH activity would
be the sum of the separate activities, but it is clear from fig. 20 that the measured
GDH deamin. activities are twice as large as those expected at particular con-
centrations of extract. It is likely that an activator is involved which causes the
activation of the GDH deamin. This activator seems to have a protein nature,
because after dialysis of the extracts (14 hours at 4°C), this activation remains
present.

& Eol
3 £ o 55745
5 | 3 i 152+5;
S o s a.400 found
= 03 ~ 0300
< E-.
$152
L L 2200} 8 515245,
T 0200 / z // calculoted
L)
0100 /D o 0100}
» S,—pallen 'Y
. L~ . A
ol ) . ; at” . L ) n
8.0 a1 02 2.3 8.00 0.05 a.10 0.15 m! style extract
i extroct +0.05 +0.10 +0.15mi polien extract
Fig. 19. GDH deamin. activities Fig. 20. GDHdeamin. activities af-
of different quantities of style and ter combination of the pollen with
pollen extract. 40 S,S, styles and the style extract.

25 mg pollen are extracted with 2
ml buffer according to 2.3.

Activation appears also after combination of the pollen extract with the
extract of the cross-pollinated styles, but not after combining the unpollinated
with the cross-pollinated extract. Following combination of pollen with style
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extract, the GDH amin. activity is the sum of the parts. In other words the
activation only takes place in the direction of the deamination and probably is
due to a protein-protein interaction that results in an activation.

The effect of temperature on the velocity of enzyme reactions gives informa-
tion about the stability of the enzyme. From this point of view, it was interesting
to investigate the effect of preincubation on GDH in both directions and after
combination of the pollen with the style extract.

3.6.2 Effect of preincubation at 60° C on the GDH in both directions and on the
combination of the pollen and style extract of the GDH deamin.

In general, one may say that the activities of the GDH decrease after preincu-

bation at 60°C (see fig. 21, 22 and 23). It is obvious from fig. 21 and 22 that the

decrease of the GDH activities is greater in both directions after cross-pollina-
tion. :

= 2
= B
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: O—=0 §;5;1 85y o B——n §;5; 25 _E'
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Fig. 22, Course of the GDH
. . deamin. activity of unpollinated,

1 L
2 12 5 10 cross-pollinated stylesand S; pol-
~——= min. preincubation len.

Fig. 21. Course of the GDH amin. activity of unpollinated, cross-pollinated styles and
S; pollen.

The stability of a part of the GDH is less after pollination because 2 to 5 min
after preincubation the values for the GDH activities have dropped to nearly
the same level as the unpollinated style extracts. The same may be concluded
from fig. 23 namely, after an initial activation effect of the extracts upon each
other, nothing is left after 5 min incubation and the measured values are equal
to the calculated ones.

It is likely that the activated GDH after 5 min preincubation at 60° C changes
into the non-activated conformation. The non-activated GDH seems to be
more heat stable.

It is now probable that an activation of the GDH occurs. To study the mecha-
nism of this activation, further stylar extract was fractionated by means of
column chromatography, after which the fractions were checked for activation
by adding pollen extract.
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3.6.3 Fractionation of stylar extract on a Sephadex G 200 column; test for
GDH in both directions

This experiment was carried out as described in section 2.2.6. For the activation
test, 0.05 and 0.1 ml pollen extract (35 mg in 2.5 TRA buffer) is combined with
0.5 ml of each fraction of style extract.

It appears from fig. 24 that the GDH amin. and deamin. are the same enzyme,
and moreover, that after combination with pollen extract, an activation with
two maxima takes place.

The sum of the calculated GDH deamin. activities of the fractions (A E/20
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Fig. 24. Chromatography of stylar extract on Sephadex G 200; test for GDH in both direc-
tions and activation of GDH deamin. after adding pollen extract.
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min/0.5 ml) and of the pollen extract (A E/20 min/0.1 ml) is 2.110, but the meas-
ured activity is 2.353 which is 129/ higher. In the reverse experiment in which
polien extract is fractionated and activation is checked with the stylar extract,
no activation could be observed. It is likely to conclude that the activator is
localized in the pollen extract. This is also indirectly affirmed since there is no
difference of the activation of GDH deamin. after combination 0.05 and 0.1 ml
pollen extract with 0.5 ml fractionated style extract. Now one may subtract the
GDH deamin. activities of the pollen in the previous experiment.

The measured total GDH deamin. activity is 0.713 and the calculated total
activity is 0.470. This means an activation of 529,. According to section 3.6.1,
the activation should have to be 100 %, but 509 is lacking. Presumably this can
be ascribed to a suppression of the activation by high enzyme concentrations;
hence the low activation values in the fractions 39 to 46 and even negative
values for the fractions 42 and 43 of — 0.017 and - 0.011 respectively.

4. DISCUSSION

4.1 Interaction of pollen tube and style at the metabolic level

The experiments reported here elucidate aspects of the complex metabolic
relation between the growing pollen tubes and the conducting tissue of the style
during the progame phase.

This study is intentionally restricted to the compatible relation, because this
is the case which leads to successful fertilization and offers fewer experimental
difficulties than the incompatible combination. At the same time these experi-
ments are for purposes of comparison a necessary preparation for further
investigations into incompatible relations between style and pollen tubes.

The results represent the first information concerning the metabolic action of
enzyme systems imported by the growing pollen tubes upon the enzymes and
substrates present in the style. They complement and extend earlier observations
obtained by histochemical methods (HAECKEL 1951 ; BRITIKOV 1954 ; SCHLOSSER
1961) and by interpretation of microscopical and electron microscopical
observations (SCHOCH-BODMER & HUBER 1947; VAN DER PLUYM & LINSKENS
1966). An important discovery is that both systems (pollen tubes and styles)
manifest the consequences of interaction prior to the syngamy in its strictest
sense before genetic material comes into contact.

Already in the progame phase male and female material meet each other and
this association requires a coordination at the metabolic level to complete the
steps necessary for bringing the male cells into the embryo sac.

As it is the intention of this investigation to examine the situation during the
growth of the pollen tubes, the initial phase of pollen germination on the
surface of the stigma is excluded by removing the stigmata. The analyses of the
‘processes during the first hours are excluded, although in this initial phase
several processes take place since it is known that within a few minutes after
contact with the stigma surface, enzymes in the pollen grain are activated
(STANLEY & LINSKENS 1964). There is a passage of a complex of enzymes from
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the pollen to the stigma (OsTaPENKO 1960). The enzymes are easily released
from the sporoderm (STANLEY & LINSKENS 1965; MAKINEN & BREWBAKER 1967)
and it has become clear that the coat of the pollen grain is a living and physiol-
ogically active structure (ZINGER & PETROVSKAJA-BARANOVA 1961). Although
there may be an activation in the stigma during the first 4 hours, it is not very
likely that increases in enzyme activities occur in the whole style because
analyses carried out within 4 hours after pollination do not show differences
with regard to the unpollinated styles. Our observations, therefore, concern
exclusively the growth of the pollen tubes, not the germination and penetration
phase into the stigma. The stigmata are removed in all experiments for the
following reasons:

1. The stigma exudate consists primarily of oily substances (KONAR & LINS-
KENS 1966a, b) which leads to turbidity in the extract.

2. The stigmata are abundantly pollinated to ensure that the maximum number
of pollen tubes (400-500) will grow through the style. By removing the
stigmata, the bulk of ungerminated pollen grains and the pollen tubes which
have grown only in the stigma tissue are not included in the extract.

4.2 Alterations in enzyme activities during the growth of the

pollen tubes through the style
Except for the acid phosphatases all the examined enzymes show a greater
activity after pollination. Increases in activity reflect the metabolic conse-
quence to the style of the encounter of growing cells (pollen tubes) with a fully
developed tissue (style).

4.2.1 Decreasing activity of acid phosphatases

The activity of acid phosphatases decreases in contrast with the other enzymes
checked. No alkaline phosphatases are present either in the pollen or in the
styles of Petunia although GORSKA-BRYLASS (1965) did find them in the pollen
of different plant species. However, acid phosphatases are present in high
activity which is in accordance with histochemical data of HAECKEL (1951) and
PODDUBNAYA-ARNOLDI c.s. (1961).

On the other hand BELLARTZ (1956) was not able to demonstrate acid phos-
phatase activity in Petunia pollen and SCHLOSSER (1964) could only detect a
slight activity. This may be due to the determination methods applied by the
authors. The function of the acid phosphatases is not yet understood, but the
observed decrease after pollination may be of interest for further studies.

4.2.2 Enzymes with an increased activity

The tested enzymes which showed a greater activity after pollination are
enclosed in boxes in the scheme (fig. 25). The increases in activity of UDPGDH
and aspartate carbamoyltransferase can be ascribed to the activity contributed
by the growing pollen tubes alone (dotted lines) which is observed also in vitro.
The activity of these two enzymes in the pollen is very great compared with the
activity in the style (table I). Aspartate carbamoyltransferase plays an impor-
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Fig. 25. Metabolic pathways involving some of the investigated enzymological steps in pollin-
ated styles of Petunia hybrida.
Checked enzymes are placed in rectangles. The dotted lines indicate the reactions
which can be ascribed mainly to the growth of the polien tubes.

tant role in protein synthesis. The catalytical action of the UDPGDH is indis-
pensable for the synthesis of tube wall material.

One can conclude from incorporation experiments with 4C-leucine and
14C-threonine ( fig. 8 and 9) that a protein synthesis of approximately 109 does
take place, and it is pointed out for the case of GDH that this protein is syn-
thesized de-novo by the pollen. In growing pollen tubes a synthesis of RNA
occurs as was shown by incorporation of *H-uridine (TANO & TAKAHASHI 1964
MASCARENHAS 1965). Thymidine is incorporated into the tube nucleus as well
as into the generative nucleus (TAKATS 1965). This observation led to the hy-
pothesis that a growing cell like a pollen tube has to synthesize a certain amount
of DNA to make RNA templates and via this latter new enzymes (STANLEY
& YOUNG 1962).

The high activity of aspartate carbamoyltransferase, the enzyme that catalizes
the first step to pyrimidine synthesis, and the fact that the de-novo synthesis
of the GDH occurs in the pollen tubes, give evidence that the hypothesis of
STANLEY & YOUNG (1962) can be applied also to the in vivo situation, at least
concerning RNA synthesis. The increase in enzyme activities of the carbohy-
drate metabolism viz. the ketose-I-phosphate aldolase (KPA) and the citrate
synthase may be expected, because it has already been found that after pollina-
tion an increased oxygen consumption takes place (LINSKENS 1955) and the
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amount and composition of starch and free sugars alters (LINSKENS 1955; TupY
1961a; PYL’NEV 1962). For sufficient energy for the growth of the pollen tubes,
decomposition of sugars via glycolysis and the citric acid cycle has to take place.

The GDH amin. activity is strongly increased (75 %,) after pollination which
means that inorganic nitrogen is bound to 2-oxoglutarate which gives rise to
glutamate. This step is coupled with two amino transferases AsAT and AIAT.
Both enzymes are able to form other amino acids by transaminating glutamate.
After pollination there is an increase in the activities of AIAT and AsAT of
24 and 109, respectively. Thus, an increased amino acid transformation occurs
which is attended by protein turn-over and synthesis, as is indicated by incor-
poration experiments with #C-amino acids. The specific activity of AsAT is
about 15 times greater than the activity of AIAT; but this is not surprising since
high activity of AsAT is generally found in plants (DAVIES c.s. 1964). In fresh
and preincubated (30 min at 25°C) extracts of pollinated and unpollinated
styles the activity of the GDH amin. is equal to the activity of the GDH deamin.
Following dialysis and chromatographic and electrophoretic separation, how-
ever, the activity of GDH amin. remains constant whereas the GDH deamin.
activity decreases, so that the ratio GDH amin./GDH deamin. becomes greater
than 6 (compare table 1 with fig. 24). In kinetics studies with pure GDH one
finds that the equilibrium always favors glutamate production (DAVIES c.s.
1964). It is possible that through the purification procedure a partial de-activa-
tion of the GDH deamin. takes place which may be caused by the removal of
small molecules or ions, perhaps pyridoxalphosphate or zinc ions which are
known to be essential for the catalitical action of the GDH. It is not very likely
that a dissociation of the GDH occurs as is stated by several authors (see the
review of FRIEDEN 1963) because no alanine dehydrogenase activity could be
observed. Most significant is that certain of these alterations in enzyme activities
are not only restricted to the place in the style where pollen tubes are growing.
There seems to be an activation wave in front of the growing pollen tubesin the
style.

4.3 The front wave advancing the growing pollen tubes

The interaction experiments (table 2) with KPA have shown that the increased
carbohydrate metabolism is present only in sections where pollen tube growth
occurs.

Contrary to this the GDH and AsAT already show an increase in activity in
that section of the style where the pollen tubes have not yet grown (see table 3
and 4). This means that there has to be an exchange of substances between the
growing pollen tubes and the styles which was demonstrated earlier (SCHOCH-
BoDMER & HUBER 1947; LINSKENS 1955; LINSKENS & ESSER 1959). Under the
influence of the growing pollen tubes the styles prepare the way for them by
changing metabolic pathways and switches of exogenous metabolism in styles.
They ,,pave” the way by solving middle lamella material and by delivering
substrates for energy and wall synthesis (LINSKENS & EsSER 1959). There
is a release of co-factors and an adaptation of metabolic pathways takes
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place (STANLEY 1958). It is possible that a chemotropical gradient is formed by
the interaction that precedes the growth of the pollen tubes in the style. In this
context GDH may function as a key enzyme since it catalizes the reaction which
links amino acid and carbohydrate metabolism. In the following section the
behavior of this important enzyme during the pollen tube growth is further
discussed.

44 Activationandde-novosynthesisof GDHafterpollination

The GDH of plants seems to have quite different properties than GDH of animal
sources. It is, for instance, not influenced by purine nucleotides (FRIEDEN 1965).
Petunia GDH is active only with NAD* (see 3.5.1.3; FRIEDEN 1963) and is
inhibited by p-chloromercuribenzoate (HELLERMAN c.s. 1958; SANWAL 1961)
which indicates that protein sulfhydryl groups are required for activity.

Composition of enzymes is known to be controlled by genes. In the inves-
tigated combination S;S, and S; the pollen originate from another Petunia
clone, thus probably under the control of different genes. The GDH of the S,
pollen has other electrophoretical properties than the GDH of S,S,. It has
become clear that GDH of S, and S, pollen is identical with that of the S,S,
plant, since a mixture of S, and S, pollen extract and S,S, style extract shows
only one GDH band in the gels. The study of cross-pollination between these
two clones is consequently very appropriate for seeking further insight into the
enzyme alterations as a result of pollination!

From this report it has become evident that after pollination a de-novo syn-
thesis of the GDH of the pollen tubes takes place. Of course one cannot
generalize. One must be careful in saying that the extra increases of a// enzyme
activities after pollination can be ascribed to the de-novo synthesis of pollen
enzymes. However, this does seems likely as far as UDPGDH and aspartate
carbamoyltransferase are concerned.

There is a discrepancy of about 15 %, between the measured increase of GDH
amin. activity and the increase that can be ascribed to the incorporation of
14C-leucine. This is a result of the fact that the un-labelled amino-acid pool
(LinskeNs & TupY 1966) present in the style and also the decomposed style
proteins can be used by the pollen, since it is demonstrated that the new proteins
can be produced using style amino acids and proteins (LINSKENS 1958; 1959,
1964b). The results obtained with GDH suggest that apart from the increase
in enzyme activities an interaction effect between pollen tubes and style occurs.
The GDH of the style is activated under the influence of a high molecular
substance presumably a protein or RNA-like substance of the pollen tubes.
Proteins and RNA can alter the configuration of the enzyme molecule, thus
affecting its catalitic activity (NICHOL c.s. 1964) as was demonstrated for GDH
by ROBERTS (1966) and HoLzer & HIERHOLZER (1963).
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