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Abstraet. The action of zinc on the growth of barley and the biosynthesis of indol compounds
and gibberellin-like substances was investigated in a number of concentrations of zine from
doses stimulating growth to toxic doses. The seeds were soaked before sowing in solutions of
zine sulphate (5.10-5 to 5.10-19, Zn), and the plants cultivated for 7 days in water. Lower
concentrations of zinc increased both plant growth and the biosynthesis of tryptophan and
auxins. At the optimum concentration of 5.10-39, Zn this increase in tryptophan amounted
to 2419, of the variant without zinc; in substances with an RF corresponding to indolyacetic
acid, the increase determined by the biological test, was 2079, as against the variant without
zine. Higher concentrations of zinc inhibited growth, the tryptophan content was decreased
to below that of the control without zinc and the auxin content also fell to below the control
values. Zinc also influenced the content of gibberellin-like substances in the plants. At a con-
centration of §.10-39% Zn the increase in the growth activity in the gibberellic acid area of the
chromatogram was 2949, of the variant without zinc. At toxic concentrations of zine, the content
of gibberellin-like substances fell to below that of the controls. The finding that zinc acts simultane-
ously on the biosynthesis of auxins and gibberellins is also evidence for the common action of
growth substances of various chemical types on plant growth.

The connection between inorganic ions and growth substances is still to
a large extent an open question, which, according to THIMANN (1963) in his
critical review of thirty years of research in growth substances, deserves
increased attention even today.

In investigating the effect of zine (Zn) on the metabolism of indoles, we
based our work on the observations of Skooc (1940), Tsur (1948), NasoN
(1950) and SHKOLNTK et al. (1964). These authors found that, in the' presence
of zinc deficiency, the content of indol auxins falls in experimental plants
and algae. The fall in the auxin content was ascribed to a decrease in the activity
of tryptophan-synthase which is evidently a Zn-proteid (Nason 1950).

We also devoted our attention to gibberellins. There have so far been no
reports in the literature on a direct connection between zinc and the metabolism
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of gibberellins. DANGER (1959) and Loos (1953) reported the synergistic effect
of zine and gibberellins on the growth of experimental plants.

The aim of our work was to determine the effect of zine on the metabolism
of indoles and gibberellins in barley. We did not work with plants deficient in
zine but, on the contrary, investigated the effect of external doses of zinc,
primarily doses which have a stimulating action up to doses having a toxic
effect on the growth of the experimental plants.

Material and Methods

Barley seeds (Hordeum wulgare L.), Valtickd variety, were sterilized by
709, alcohol. After rinsing with deionized water, the seeds were soaked in
water solutions of ZnSO, p.a. with increasing Zn content: 5. 1075, 5,104,
5.1073,5.1072 and 5. 10! 9, Zn. The seeds were soaked in the zine solution
for 12 hours. After rinsing with water they were planted in Petri dishes,
50 in each dish, on round filter papers prepared with hydrofluoric acid. After
the addition of deionized water, the seeds were allowed to germinate in the
dark, then they were cultivated at laboratory temperature under the illumina-
tion of 12 fluorescent lamps (alternately Tungsram Natural white 07 — 40 W
and Phytor ACEC 40 W) at a distance of 24 cm. Seven days after sowing,
the plants were processed, measured, extracted and their dry weight de-
termined. The plants were at the stage of the first leaf. Deionized water was
prepared by running distilled water over a katex column in H-cycle. The
quality of the water was controlled by dithizone.

The Zn content was determined by the polarographic method described by
PrericHA (1957) in the ash of seeds soaked for 12 hours in solutions of zinc.
The germination energy and germination rate after the application of the
different doses of zinc were determined after 4 and 7 days, the dry weight
of the overground parts was determined in 7-day plants.

Tryptophan was determined by a modification of the method of Kosrik
and VALENTA (1963). A weighed sample of overground parts of the plant was
thrown into boiling methanol. After two-minutes boiling, the sample was
removed from the heat source. After cooling, the plants were homogenized
and the homogenate made up with methanol to a given volume (one part
by weight of plant material to 3 volumes of methanol) and centrifuged. Equal
volumes of the supernatant (usually 20 ul) were placed on thin-layer chromato-
graphic plates from Silikagel G (according to Starrn; MErck and Co.). The
chromatogram was developed in a system suitable for the separation of hydro-
philic indoles: n-propanol-methanol-ethylacetate-glacial acetic acid 5: 5: 10 : 1.
Standard tryptophan was detected by the Prochizka reagent: formaldehyde-
hydrochloric acid-ethanol: 1 :1:2. The parts of the silicagel containing the
chromatographically separated tryptophan were scraped off into a test tube.
Kostii’s reagent, prepared by mixing 1-5 ml water, 0-5 ml formaldehyde
and 3 ml. concentrated sulphuric acid, was added directly to the powder.
The separate reagents must be added in the order given. The samples were
heated in a water bath for 15 minutes. After cooling and centrifugation, the
fluorescence of the sample was measured on a Pulfrich fluorimeter using
field 5¢ and cuvettes 1 ecm wide. This method of determining tryptophan
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can be used within the limits of 0-5—20 ug; the error of the determination
is 4 109%,.

The ez{tracts of growth substances were prepared by a modification of the
method used in Lana’s laboratory (1961). The plant material (1 g overground
parts of the plant) was rapidly pounded with the addition of a double volume of
cooled methanol — calculated on the basis of the fresh weight of the sample
(volume/weight). The homogenate was placed in an icebox and left there for 24
hours. Itwas then filtered through a Biichner filter under a vacuum. The non-
dissolved residue was rinsed three times without a vacuum in a double volume
of methanol — related to the original weight of the sample (volume/weight). The
methanol extracts were put together and evaporated in a stream of air up
to the complete precipitation of the chlorophyllic substances in the sample.
The water soluble residue was acidified to pH 3, saturated with sodium chloride,
shaken 6 times with ethylacetate (1 vol. of ethylacetate to 1 vol. water residue).
The ethylacetate extracts were put together and evaporated in a stream of
air to a small volume. The concentrated ethylacetate extract was then shaken
6 times with an equal volume of phosphate buffer pH 8. The water extracts
were put together and acidified again to pH 3, saturated with sodium chloride
and 6 times shaken with the same volume of ethylacetate. The ethylacetate
was evaporated in a stream of air. The residue was finally dissolved in a known
volume of ethylacetate and the ethylacetate extract was put in equal volumes
corresponding to 250 mg fresh weight of plant material on Whatman 1 chro-
matographic paper. All operations were carried out as fast as possible under
weak indirect illumination.

The hydrophobic acids and neutral indoles present in the extract of the
overground parts of the plants were separated by paper chromatography in
a system of isopropanol —conc, ammonia— water 10:1 : 1, After the complete
evaporation of the solvent (at least 24 hours) the chromatogram was cut
according to the Ry values and the single segments were evaluated by the
test with sections of wheat coleoptiles (Kasticks osinatka) in the arrangement
suggested by NirscH and NirscH (1956). All results are the average of at
least three separate experiments always carried out in double parallel; an
amount corresponding to 250 mg fresh weight of plant material was always
placed on each chromatogram.

The gibberellins were also separated in a system of isopropanol-amonia-
water 10 : 1 : 1, The sections of the chromatograms cut according to the Ry
value were evaluated by the test with lettuce hypocotyl (Stupicky kamenig)
in the arrangement of KRERULE and TELTSCHEROVA (1963). FRANKLAND and
WareinG (1961) drew attention to the possibility of using lettuce as the test
object. In this case also the resulting graphs are the average of three separate
experiments in two repetitions. Amounts corresponding to 250 mg fresh
weight of plant material were placed on each chromatogram.

Results

Zine content of barley seeds after the application of solutions of zine, germination energy
and germination rate of the seeds, dry weight of the plants

The results of the polarographic determination of zine in seeds after being
soaked in zinc are given in Tab. 1. The seeds contained 2-35%, ash at an average
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water content of 5:99, in the seeds. As would be expected, the zinc content
of the seeds increased with increase in the concentration of zinc used, but
the absolute amount of zinc taken up was small.

Table 1

Zine content in barley seeds after soaking in solutions of ZnSO, for 12 hours

Cone. of ZnSO, Zn content of seeds in mg9,
solution in 9, Zn Fresh weight Dry weight
Control seeds 2:0 21
5.10-8 2-8 3-0
5.10-4 37 39
5.10-3 6-2 66
5.10-2 11-2 119
5.101 25-2 26-7

Table 2

Effect of zinc on germination energy, germination rate and dry weight of barley

) Total yield dry Dry weight of
Cone. of ZnSO, Germination Germination | weight of 7-day 7.dav vlant
solution in 9, Zn energy in 9%, rate in 9 plants from -asy %& 8

50 seeds in g in %
Control 92 97 0-313 10-35
5.10-% 96 97 0-319 10-43
5.10¢ 95 97 — 10-10
5.10-3 95 97 0-360 9-91
5.10-2 95 97 — 10-77
5.10°1 65 91 0-293 12-90

Data on the germination rate and germination energy of seeds is given
in Tab. 2, which also records the 7-day dry weight of the plant. The germination
energy decreased only in the highest concentration of 5.10-1 9, Zn; in the
subsequent days, however, the germination rate almost evened out. The dry
weight showed a certain dependence: it was lowest in the zone of growth
stimulation by zine, highest with toxic concentrations of zinc, where, however,
the total yield was decreased. These changes in dry weight can be explained
by the formation of auxins (in dependence on the zine concentration) which
increase water uptake.

{Effect of zine on plant growth and its tryptophan content

The height of the plants (first leaf) was measured 7 days after sowing (Fig. 1).
The tryptophan content of the overground parts of the plants was also de-
termined (Fig. 2). The shape of the two curves is to a certain extent similar.
Maximum growth stimulation occurred in the range of concentration of Zn
of 5. 1078 9,; at this concentration of zine there was also the highest tryptophan
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eontent in the plants. It was surprising to find a decrease in the tryptophan
content in toxic doses of zine (5.10719%, Zn) even to below its concentration
in control plants without the addition of zinc.
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Fig. 1. Effect of increasing zinc concentrations on growth in barley. The length of the first leaf
(in mm) of the 7-day plants was measured. The seeds were soaked in ascending concentra-
tions of zine for 12 hours before sowing.
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Fig. 2. Effect of increasing zine eonecentrations on tryptophan content (in mg %) of overground
parts of 7-day barley plants.

Effect of optimum and toxic concentration of zine on auxin content of barley plants

The effect of zinc on the auxin content (Fig. 3) was investigated in two ex-
treme concentrations, i.e. in the concentration found to be optimum for
growth and for the increase in the content of tryptophan (5.10-2% 9 Zn)and
in the concentration which caused growth inhibition and decreased the trypto-
phan content of plants (5. 107! %, Zn). As a result of the manner of preparation,
the extracts contained predominantly the hydrophobic acid fraction of auxins.
In this series of experiments, the stimulation zones on the chromatograms in
the isopropanol mixture were basically three: the first, less marked near the
start, the second more marked in the range of Ry 0-4—0-5, which corresponded
to the position of indolylacetic acid (IAA) on the chromatograms, and finally,
the third in the range of Ry 0-8—1-0, whose polarity corresponded to that
of indolylacetonitrile on chromatograms. The optimum_concentration of Zn
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(5.1072 9 Zn) was accompanied by a marked increase in the content of the
fraction corresponding to the position of IAA on the chromatograms (in this
series of experiments it was up to 2079, of the variant without zinc). This
difference is statistically significant as against the variant without zinc
(P < 0-05). The content of the hydrophobic auxin fractions (Ry 0-8—1-0)
showed a less marked change from the effect of zinc, but it was also statistically
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Fig. 3. Effect of optimum and toxic zine concentrations on indoleauxins in barley.Chromatogram
in system isopropanol-NHj-water 10:1:1 were evaluated by test with sections of
wheat coleoptiles. From the left: control solutions of TAA A) chromatogram of auxins
of control plants with residual Zn content; B) experiment with 5.10-2 9, Zn; C) ex-
periments with 5. 10-* 9, Zn.

significant. The toxic concentration of zine (5.10-1 9, Zn) was accompanied
by a decrease in the auxin content in the IAA zone of the chromatogram
to below the level of the control (659, of the control). The difference in the
fraction corresponding to TAA on the chromatogram (according to the position
of the Ry) and of the hydrophobic fractions (R 0:8—0-9) were not significan t
in relation to the variant without zinec.

Effect of optimum and toxie eoneentrations of zine on gibberelin con tent of barley plants

As in the case of indole auxin, the effect of zinc on the gibberellin content
(Fig. 4) of 7-day barley plants was determined after the application of optimal
concentrations of zine (5. 10-3 %, Zn) and of toxic concentrations (5. 10~ 9, Zn},
The chromatograms in the system isopropanol-NH;-water, evaluated biologic-
ally (test with lettuce hypocotyls), showed two main zones of gibberellins:
the first less marked in the position Ry 0-2—0.4, which corresponds to the
position of gibberellin A2, A6 and A8, and a second significant zone in the
position Ry 0-5—0-8, corresponding to the position of gibberellin Al and A3
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The optimal concentration of zinc led to a significant increase in the content
of the fraction corresponding, according to the Ry, to gibberellins Al and A3,
in this series of experiments (2959, of the content of the variant without zinc).
This increase above the variant without zinc is highly significant (P << 0-01).
With toxic concentrations of zine, there was again a decrease in the component
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Fig. 4. Effect of optimum and toxic Zn concentration on gibberellin-like substances in barley.
Chromatogram in system of isopropanol-NHy-water 10:1:1 was evaluated by test
with lettuce hypocotyl. )

From the left: control GA,; solutions; A) chromatogram of gibberellins of control plants
with . residual Zn content; B) experiment with 5.10-3 9, Zn; C) experiments with
5.101 9% Zn.

corresponding to the position of gibberellins A1 and A3 to a level only slightly
below that of the control (889, of the control). In toxic concentrations of zinc,
the difference in the content of the fraction corresponding to the position of
gibberellins Al and A3 between treated and untreated seeds is not significant.

Discussion

The experiments showed that the increase in growth by the effect of zinc
(compare DosTAL 1946) observed in barley was accompanied by an increase
in the tryptophan level .and also in the indol growth substances evaluated
by biological test. In toxic concentrations of zine, growth was decreased in
parallel with a decrease in tryptophan and auxins. This observation supple-
ments the previous observations on the action of zinc on indole metabolism
in plants, made mainly by the study of zinc deficient plants (Skooe 1940,
Tsut 1948). According to these papers, zinc occupies an exceptional position
in relation to indol metabolism, more marked than that of other bivalent
cations. It is assumed that the effect of zinc lies in its function as an activator
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of the tryptophan-synthetizing enzyme (indol 4 serin — tryptophan) (Nasox
1950, NasowN, KapPraN and Corowick 1951). A less probable explanation of
the raised tryptophan content in plants carrying out photosynthesis would
be the intensification of the hydrolysis of proteins by the action of zinc.
We were surprised that relatively higher doses of zinc, acting as activator, had
an inhibitory effect on the biosynthesis of tryptophan. The explanation that
this amount of zinc is directly destructive for plant protein or enzymes is
improbable, since only a relatively small amount of zine (maximally 11-5 ug Zn
in seed), gets into the seeds, which is then many times diluted by 7-days
of growth and increase in plant substance. NasoN, KapLaAN and CoLowICK
(1951) using a preparation from Neurospora, also found that higher concentra-
tions of zinc decreased the activity of the tryptophan-synthetizing enzyme.
Further references to the inhibitory action of higher concentrations of cations
on the activity of enzymes can be found in the literature. We are of the opinion
that there are two hypotheses which could explain the experimental facts:
a) zinc with its high complex-forming power, saturates further centres of
tryptophan synthetizing enzyme and leads to inhibition, b) zine in higher
concentrations or other elements inducing disturbances in electrolytic equilibri-
um react generally with proteins, or with other enzyme systems which interfere
with the synthesis of tryptophan. These problems will be studied further.
In any case, the action of zinc on plant growth is a complicated process:
the mere synthesis of tryptophan is only a partial reaction, as shown by the
results with determining the gibberellin content.

We have found no reference to the effect of zinc on gibberellin content in
the literature. In making a critical evaluation of our results on the influence
of gibberellin content by zinc we must bear in mind that data on gibberel-
lins based are only on a biological test and are loaded with all the uncertainties
of such a method. In this connection, however, we permit the greater optimism
of the observations of Jones, MacMILLAN and RADLEY (1963), who isolated
a substance from barley and grasses which, on analysis, showed identical
physico-chemical and biochemical properties to those of gibberellic acid. The
effect of the concentration of zinc in our experiments was marked, and the
tendency to an increase in the concentration of gibberellin-like substances
determined by the biological test was the same in relation to zinc concentration
as that of indoles. The study of enzymes effecting the biosynthesis of gib-
berellins in plants is still little developed and, therefore, the role of zinc in
the mechanism of biosynthesis cannot now be established. Three basic ex-
planations can be conceived: a) zinc activates the enzyme system synthetizing
gibberellins, b) the increased indolelacetic acid content and not that of zine
directly induces gibberellin biosynthesis. At present, we incline to this ex-
planation (OpLISTILOVA, KUTACER, unpublished experiments), ¢) a modification
of the second variant that zinc does not influence the gibberellin level via
indolelacetic acid, but directly via the genetic system controlling the bio-
synthesis of both auxins. The reports that the ions of heavy metals, including
zinc affect the genetic material (GLass 1955, MouTscHEN-DABMEN and MouTs-
CHEN-DAHMEN 1963) may have some bearing on this problem.

The observation that zinc increases the biosynthesis of indole auxins and
gibberellin-like substances simultaneously is an interesting proof of the inter-
relations of the two types of growth substances; the interreaction of the indole
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auxins and gibberellins has already been studied by physiological methods
(e.g. Briax and HEmMiINg 1957, GaLstox and McCung 1961, KEFFORD 1962).
Kurarsar and MuIr (1962) found that after the application of gibberellin A3
in the pea, the level of diffusible auxin in the plants is increased (see also
Havrfivy 1963, GRESEUCHNIKOV et al. 1964). The discovery of a synergic
effect of zinc on the biosynthesis of the indoles and gibberellin-like substances,
is also one of the direct analytical proofs in support of the hypothesis that the
growth process is directed by the mutual action of a complex of auxins of
various chemical types (see THIMANN 1963, for example).
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TpoBanbHO GyMare. IIpu HUBKNX KOHOEHTPAIMAX IMHKA NOBBICHIICA POCT pacTeHnit u Omo-
cuHTe3 TpEnTodaHa m aykcuHOB. Ilpm onruManbHOl KommeHTpammu nuHKa — 5 . 1039% —
HOBHILIEHAC COCTABIIO 241 Y, BapuanTa Oes muura, 207 % papmanTta Ges UUHKA y BCIIECTBA
onpefenenHoro SmorecToM ¥ coorBercTBylomero no Ry UYHK. Bosee BHCOKHMEM ROHICHTPA-
OUAME IUHKA TOPMOBWJICA POCT, NOHUBWIOCH CONep:Kamue Tpunrodana Huyke BHAYEHUS
KOHTPOJA Ges IMHKA, CONePIKAHNe aYKCUHOB TAKMKE NOHABWIIOCEH HIKE 3HAUEHUS KOHTPOIb-
HEIX pacTeHnid. IIMAK NOBIMAN TaKKe H HA cofepsRanme THOOEPEIIOBLIX BCIIECTB B pacre-
ausax. Tax npm 5 . 10-*% nueEKa HOBEMIeHHE POCTOBOH arTUBHOCTH B 001acty ruGbepeo-
BOM KHUCJIOTHL HA XpoMaToIpamme cocTaBuio 294% Bapmanrta Ges munka. Ilpm Torcudeckol
KOHIEHTPAINHA NNHKA cofepKanne rub0epeyIoBEX BeMecTB ONATH CHU3WIIOCH TION 3HAYEHNe
KOHTDOJIA. JlaHHEe O felicTBUN IITHKA OAHOBPEMEHHO Ha OHOCWHTE3 ayKcHHOB 1 rnGbepen-
JUHOB CBUALTENLCTBYET 0 B3aMMOACHCTBHE POCTOBLIX BCIECTE PASIITHOr0 THTA B Perysinui
pocTa pacreHmii.



