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1. Introduction

In macrobasidial fungi, the properties of compounds of a phytohormonal nature, which are
well known in higher plants and are intensively studied in soil associative microorganisms,
are only described in an unsystematic manner and, apparently, to an insufficient degree.
Auxins are the most studied group of phytohormonal substances. As an object of research,
along with other mycological objects of industrial cultivation, the higher fungus—xylotrophic
basidiomycete Lentinus edodes (Berk.) Sing (Lentinula edodes (Berk.) Pegler or shiitake), which
is of high practical importance and the physiological and biochemical characteristics of
which are obviously insufficiently studied, is of particular interest.

For long enough, there have been speculations that phytohormones, including representa-
tives of the auxin group, are involved in the processes of cell growth and cytodifferentiation
not only in plants, but also in fungi. Nevertheless, this issue still remains practically unstudied.

Of particular interest are the effects and mechanisms of the action of biologically active sub-
stances at low doses. At small and ultrasmall concentrations (10% — 10-"® M), there is a mani-
festation of the activity of many natural chemomediators - toxins and antidotes, substances
warning of danger, pheromones, cryoprotectants, and other compounds, including phyto-
hormones [1]. There is a description of the paradoxical nature of the effect of low concentra-
tions of toxic substances and drugs, which is particularly expressed in the bimodal or
polymodal dependence dose-effect. It is noted in [2] that the consequences of the effects of
small doses of xenobiotics may be no less serious than the consequences of high single
doses: under their influence, essential links may change and some adaptation systems may
fail, because the body is only able to adapt to effects, which are in the usual range of action.
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There are two main ways of biosynthesis of phytohormone of indole-3-acetic acid (IAA),
namely tryptophan-dependent (Trp-dependent), in the case of which amino acid tryptophan
serves as a precursor to IAA, and tryptophan-independent (Trp-independent), in the case of
which TAA is produced from indole, anthranilic acid, and indole-3-glycerophosphate [3].
Trp-dependent synthesis of IAA by microorganisms can take place in one of the following
four ways (see the scheme below): by indole-3-pyruvic acid and indole-3-acetaldehyde (the
most common way), by tryptamine and indole-3-acetaldehyde, by indole-3-acetamide, and
by indole-3-acetonitrile. According to some reports, indolylacetaldoxime may also be con-
verted into IAA through indole acetaldehyde [4, 5].
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Many phytopathogenic fungi and bacteria have multiple ways of IAA biosynthesis. The
ways of IAA biosynthesis in macrobasidiomycetes have been at best considered only at the
level of qualitative effect of tryptophan supplementation to a growth medium.

The purpose of the work is to study the composition of a group of indole metabolites, which
accompany the production of IAA by the basidiomycete Lentinus edodes, and to establish
whether this way of biosynthesis of IAA is Trp-dependent or there is a switching to the Trp-
independent way during growing xylotroph in the presence of exogenous synthetic analogs
of compounds - precursors to IAA.

2. Experimental

A culture of Lentinus edodes (strain F-249) obtained from the collection of macrobasidiomy-
cetes of the Department of Mycology and Algology, Moscow State University (Russia) was
used. This fungal culture was maintained on wort agar at 4°C.

As an inoculum, a 14-day culture of L. edodes grown on beer-wort agar (4°Bx) was used. The
temperature of growing was 26°C. The agar blocks with mycelium were cut out in sterile
conditions using a metal punch with a diameter of 5 mm, and served for inoculation of liq-
uid nutritive media at a rate of two blocks for 20 ml of medium.

The submerged culture of the fungus was grown in synthetic medium (9 g/ of glucose and
1.5 g/l of L-asparagine), as well as in beer-wort (1.2°Bx). To determine the dry biomass, the
mycelium was filtered, weighed on an analytical balance, and dried to a constant weight. To
study the effect of compounds of indolic nature, we added them as solutions in ethanol-H,O
(1 :1, v/v) mixtures to the medium subjected to autoclave glucose and asparagine immedi-
ately before planting in sterile conditions. The concentrations of indolic compounds in the
culture medium were 0.1, 1, 10, and 100 mg/1. The effect of IAA on the growth of the culture
was studied in the range of 10° - 10" g/L.

The indolic compounds were determined in the culture fluid by high performance liquid
chromatography (HPLC) using pure commercial preparations of IAA, Trp, tryptamine
(TAM), indolylacetamide (IAAm), indolylpyruvic acid (IPyA), indolylacetaldehyde (IAAld),
indole, indole-3-acetonitrile, anthranilic acid, and 5-hydroxy-indole-3-acetic acid (5-hy-
droxy-IAA) as standards. For the identification and quantification of indolic compounds,
samples of the culture fluid were collected under sterile conditions during its growth; then,
they were filtered by membrane filters type 0.22 uM GVPP (Millipore, Ireland) and ana-
lyzed. Junction reverse-phase HPLC was performed on a medium with chemically bound
hydrophobic residues of C18 (5 uM). The column (150 x 4.6 mm) Luna 5u C18 (2) (Phenom-
enex, United States) equipped with a precolumn (type of “security guard”) of the same
brand. As an eluent, a mixture of methanol and water was used (36 : 64 or 50 : 50, v/v). A UV
absorbance detector operating in the wavelength range of 250-300 nm was used. The sample
volume was 20 ul, and the pressure was 12 MPa.
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Mass (m/V) expression of concentration of indolic compounds in liquid media was used. The
selected method of expressing concentrations is used in most published articles relevant to
the subject presented in this work and, therefore, allows for comparisons in the most con-
venient form [3-5].

3. Results and discussion

3.1. Intermediate products of biosynthesis of IAA in L. edodes

Our assumptions about the existence of Trp-dependent synthesis of IAA in the fungus were
based on the following observations:

1. A phenomenon of biosynthesis of extracellular Trp by the studied strain of L. edodes was
discovered. In a synthetic medium, initially not containing this amino acid, the concen-
trations of Trp ranged from 14 mg/l on the 7th day to 24 mg/l on the 21st day. A reduc-
tion in the concentration was observed on the 7th and 14th days. For all studied ages of
the culture, the introduction of Trp additives (10 and 100 mg/l) into the medium result-
ed in a significant increase in the content of this substance in the culture fluid compared
to the initial one. The maximum quantity of Trp (about 330 mg/l) was observed on the
14th day in the medium supplemented with 100 mg/1 of this acid.

2. It was revealed that the submerged culture of L. edodes F-249, growing on a glucose and
asparagine medium, was capable of forming extracellular IAA. In a control experiment,
the highest concentration of auxin (about 7.5 mg/l) was observed on the 21st day. At an
exogenous introduction of Trp into the culture medium, the content of IAA increased
and a maximum (9.4 mg/l) was reached on the 14th day in the medium supplemented
with 100 mg/l of amino acid, i.e., with the greatest concentration of Trp.

Thus, at the moment when the method for phytohormone formation by the fungus culture
started to become clear, we discovered the biosynthetic ability of the fungus with regard to
IAA and its precursor Trp.

The main known methods of IAA biosynthesis are associated with Trp. A method, which is
independent of tryptophan (Trp-independent), occurs in plants and among the bacteria de-
tected in azospirilla and cyanobacteria. To date, the prevailing view is that the contribution
of the Trp-independent way to IAA biosynthesis is not significant; the mechanism of auxin
biosynthesis has not been studied. Nevertheless, researchers” opinions are divided. Thus, al-
though previous works prove the existence of an indolylacetamide way in Azospirillum brasi-
lense [6]; give biochemical and genetic grounds for the usage of the way via IPyA by
azospirilla [7, 8]; and, at the same time, make an assumption that 90% of the IAA in Azospir-
illum is biosynthesized in the tryptophan-independent way [6].

The data we obtained earlier [9] showed that in the L. edodes F-249 culture medium, there
were intermediate formations as a result of three ways of Trp-dependent biosynthesis of
IAA - through TAM, IAAm, and IPyA. This is consistent with the known data, according to
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which the ability to synthesize IAA simultaneously in several different reactions is found in
various microorganisms, including some fungi. Interestingly, indolylacetaldehyde, which is
an intermediate in the IAA synthesis from both IPyA and TAM, is only found in media sup-
plemented with IPyA, where IAAId is accumulated in large quantities, but the level of IAA
is at the same time very low. The way via IPyA is not completely realized. None of the sam-
ples studied had indole-3-acetonitrile, which is another intermediate of IAA synthesis from
Trp. This is consistent with the data of literature, according to which cases of IAA synthesis
by this intermediate have not yet been identified in fungi [5].

3.2. Prerequisites of the Trp-independent way of IAA synthesis in Shiitake

Our assumptions about the possibility of the existence of an IAA biosynthesis way distinct
from the Trp-dependent one in the studied fungal culture were initially based on the follow-
ing: It is considered in [10, 11] that the bacterial synthesis of IAA is a way to detoxify trypto-
phan. According to some authors [12], in bacteria, such as A. brasilense, there is no way of
Trp degradation, which is toxic to them, but it can be transformed into IAA. Therefore, for
bacterial producers, Trp is the most effective and “rational” precursor to IAA [13].

For the higher fungi under our study, in contrast to azospirilla, Trp is not toxic at least up to
relatively high concentrations, which a fungal culture creates during submerged cultivation,
i.e., up to 330 pg/ml (see above).

The Trp-independent way is connected to the synthesis of IAA from indole, anthranilic acid,
and indole-3-glycerophosphate. One of the hardest things in proving the Trp-independence
of IAA biosynthesis is that indole is a substance, which can serve as both a precursor to IAA
in Trp-independent biosynthesis and a precursor to tryptophan. Then, Trp synthesized from
indole can also serve as a precursor for IAA [14].

As a result of the study of IAA biosynthesis by bacteria, many authors have come to a con-
clusion that allows them to make judgments concerning the preferred substances-precursors
of IAA in the context of its biosynthesis. The arguments are as follows:

1. Bacteria cannot produce IAA by the Trp-independent way when cultured with indole
as a precursor to this phytohormone, because IAA synthesis is not stimulated while
growing bacteria in media containing indole [13]. This suggests that indole is not a pre-
ferred precursor to IAA compared to Trp.

2. The use of anthranilic acid or indole for the synthesis of IAA by the non-tryptophan
way using microorganisms is unlikely, because the presence of Trp in the culture fluid
is demonstrated in all experiments.

On the basis of the experimental data obtained in the present paper, one can provide argu-
ments for and against the coexistence of two alternative ways of IAA biosynthesis in L. edo-
des, Trp-dependent and Trp-independent. The media with the addition of indole were
characterized by fairly high values of IAA (up to 9 mg/l) on the 14th - 21st days of cultiva-
tion, and the amounts of formed IAA were not dependent on the initial concentration of in-
dole. The medium with 100 mg/l of indole was an exception, where the level of TAA
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decreased on the 21st day and the concentration of IPyA at this point increased dramatical-
ly. The data are presented in the Table.

Experimental Final concentration in the culture fluid, mg/I
conditions
Indolic additive, Cultivation time, Tryptamine Indolyl-  Indolyl-acetic Indolyl- Tryptophan
mg/I days acetamide acid pyruvic acid
3 3.7 33 3.7 n/d 19.5
7 3.8 3.2 n/d n/d 13.8
Control (medium
without indole) 10 4.2 3.1 n/d n/d 18.6
14 3.4 2.3 3.7 0.9 16.9
21 3.9 3.7 7.4 7.7 239
3 3.1 3.4 4.0 1.0 17.5
7 1.3 n/d n/d 0.3 9.5
0.1 10 1.9 n/d n/d 0.7 10.8
14 2.5 2.6 6.9 53 16.1
21 3.3 3.4 9.0 11.6 20.5
3 2.5 2.7 5.5 n/d 14.8
7 1,3 n/d n/d 0.4 8.3
1 10 1.5 n/d n/d 0.9 9.8
14 2.3 2.3 5.6 2.8 16.2
21 2.9 2.7 7.4 59 16.7
3 2.9 3.0 3.4 0.5 171
7 1.9 n/d n/d 0.3 9.9
10 10 1.8 n/d n/d 0.9 7.9
14 2.4 2.2 6.2 4.7 15.6
21 3.7 2.7 8.1 7.7 17.2
3 3.1 3.5 n/d 0.2 13.9
7 1.2 n/d n/d 0.4 13.9
100 10 1.2 n/d n/d 0.4 10.1
14 2.4 2.2 6.1 4.2 15.5
21 3.3 2.2 2.2 16.7 19.1

Note: n/d - not detectable

Table 1. Effect of indole on the formation of extracellular indole compounds by the mushroom Lentinus edodes F-249
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Thus, the indole stimulated the synthesis of IAA. In our experiments on a synthetic medium,
initially not containing this substance, the concentrations of extracellular Trp ranged from
13.8 mg/l on the 7th day to 9.23 mg/l on the 21st day. This means that there were no formally
noted cases of IAA synthesis in the absence of tryptophan and the Trp-dependent way of
IAA biosynthesis took place in the studied fungal culture. Nevertheless, one can assume
that there is a transfer to the Trp-independent way or a connection between this alternative
ways (which is likely), realizing in the presence of exogenous indole within the concentra-
tion range of 1010~ — 110~ g/I (Table).

It is necessary to note the following about the additions of indole: in this case, a background
level of Trp also exists, but, firstly, it is virtually unchanged compared to the control experi-
ment and the IAA synthesis is by a factor of 1.5-1.9 greater (Fig. 1a).
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Figure 1. Synthesis (mg/l) of (a) extracellular indolylacetic acid, and (b) 5-hydroxy-indolylacetic acid by submerged cul-
tures of Lentinus edodes F-249 on media with an addition of indolic compounds at different durations of cultivation
(days): (1) 3, (1) 7, (1) 10, (IV) 14, and (V) 21. C - control; tryptamine of (1) 0.1, (2) 1, (3) 10, and (4) 100 mg/l; indolyla-
cetamide of (5) 0.1, (6) 1, (7) 10, and (8) 100 mg/I; indolylpyruvic acid of (9) 0.1, (10) 1, (11) 10, and (12) 1000 mg/I;
indole of (13) 0.1, (14) 1, (15) 10, and (16) 100 mg/I.
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This happens in spite of the reduced fungal biomass under the influence of indole, which
clearly had no positive effect on the growth rates of L. edodes. It caused a significant decrease
in the biomass compared to the control (up to 34% in the medium with 100 mg/l of indole)
and strongly inhibited the growth of the culture (Fig. 2).
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Figure 2. Mycelial biomass accumulation (g/l) by submerged cultures of Lentinus edodes F-249 of different ages (days)
on media with an indole addition (mg/L): (1) 0, (2) 0.1, (3)1, (4) 10, and (5) 100.

Secondly, the concentration of Trp in the medium completely remains the same when the
level of exogenous indole is increased by 1000 times (from 0.1 to 100 mg/1), and, therefore,
indole is not presumably a significant precursor to Trp in this case (with further transforma-
tion of the latter into IAA). The elevated level of indole in the culture medium was increas-
ing the biosynthesis of IAA, but not tryptophan. Thus, we are talking about the connection
of the Trp-independent way.

Not only in the case of exogenous indole there are signs of this way, but also while inducing
IAA biosynthesis with its exogenous microadditives (1¢10~ — 1¢10-® g/I). For example, at an
initial IAA concentration of 1¢10~ g/l on the tenth day of growth, the level of phytohormone
was about 410~ g/1; i.e., it had increased by a factor of 4000 (Fig. 3a).

The appearance of anthranilic acid (up to 1.5 mg/l) as a sign of the Trp-independent path
was only marked by us under these experimental conditions (Fig. 3b). At the same time, Trp
itself was not detected in the culture fluid in any of the eight tested concentrations of IAA
additive.
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Figure 3. Effect of exogenousindolylaceticacid additives (mg/I) on the content (mg/l) of (a) indolylacetic acid, and (b) an-
thranilicacidin the cultural fluid of Lentinus edodes F-249 of differentages (days): (1) 3, (1) 7, (I11) 10, (IV) 14, and (V) 21.

Besides anthranilic acid, IPyA is also synthesized in the presence of low concentrations of
IAA (1010 — 10107 g/l), but the appearance of IAAIld - a product of the conversion of IPyA
during Trp-dependent IAA synthesis - was not observed. This situation with IAAld changes
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at the higher concentrations (110~ — 110 g/I) of exogenous IAA, when on the tenth day of
growth, for example, there accumulated from 3.6 to 8.7 mg/1 of IAAld (Fig. 4a).
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Figure 4. Effect of exogenous indolylacetic acid additives (mg/l) on the content (mg/I) of (a) indolylacetaldehyde, and
(b) indolylpyruvic acid in the cultural fluid of Lentinus edodes F-249 of different ages (days): (1) 3, (I1) 7, (1) 10, (IV) 14,
and (V) 21
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Consequently, the reasons for the lack of Trp-independency of IAA biosynthesis in bacteria
generally described in the literature do not take place with respect to L. edodes. The obtained
results suggest that anthranilic acid or indole is a quite effective precursor to IAA as com-
pared to Trp. It also allows for the detection of the effect of low concentrations of exogenous
indolic compounds in the studied fungal culture.

3.3. Effect of small doses of IAA in the submerged culture of Shiitake

The biological activity of IAA at low concentrations has not been studied, the molecular
mechanism of the phytohormonal action of IAA is not finally determined, and there is no
explanation to the two-phase effects of heteroauxin.

In our work, where a culture of the shiitake mushroom was used as a biological object of
study, it was interesting to detect the “effect of small doses” of biologically active substances
of indolic nature.
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Figure 5. Mycelial biomass accumulation (g/1) by submerged cultures of Lentinus edodes F-249 of different ages (days)
on media with IAA additives (g/1): (1) 0, (2) 1078, (3) 1077, (4) 107, (5) 105, (6) 1074, (7) 1073, (8) 1072, and (9) 10"

Under the influence of exogenous IAA, we observed growth stimulation in the submerged
mycelium within a certain concentration range of auxin. It can be noted that, virtually for
the entire range of values on the x axis, the set of curves describing the growth of the fungus
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(dependence of the accumulation of dry biomass on the duration of cultivation) (Fig. 5) is
divided into two groups of curves with the boundary curve corresponding to an IAA con-
centration of 10~ g/I.

Above the latter, there is the area of growth activated by auxin (10® — 10~ g/l of IAA). Be-
low is a region with dependences with opposite properties, where the level of IAA addi-
tives is 10" — 107 g/l. During the cultivation periods of 3-7 and 12-28 days (i.e., at all
studied ages of the culture, except for the interval of 8-11 days), the optimal concentra-
tion of JAA was 107 g/l.

During studying the effect of the additives of exogenous IAA on its content in the culture
liquid of L. edodes, the concentration of auxin (10 g/l) was a turning point in the sense that
the level of IAA in the medium was higher than originally (Fig. 3a). The concentration of

IAA additives of 107 g/l (0.57¢10° M) was notable for the fact that it induced a 4100-fold
increase in the level of phytohormone.

When adding IAA, very significant stimulation of IAAld biosynthesis during the cultivation
of the shiitake mushroom was observed (up to 9.7 mg/l) on the 21st day (Fig. 4a). However,
this only occurred up to 10 g/l of IAA, below which the effect was absent.

Indole-3-pyruvic acid accumulated in the medium after 21 days of cultivation of the fungus
at all concentrations of auxin (Fig. 4b), but it was only below an exogenous IAA concentra-
tion of 10 g/l that we managed to find significant quantities of IPyA as soon as on the 14th
day (0.56 mg/l).

Synthesis of extracellular anthranilic acid by submerged cultures of L.edodes F-249 of various
ages on media with IAA was not observed up to a concentration of 10 g/l (Fig. 3b), below
which the concentration of anthranilate was almost 0.4 mg/l as early as the tenth day of cul-
tivation. The maximum output of anthranilate (1.5 mg/l) was detected for the experimental
variant with an inducing concentration of IAA of 107 g/1 (0.57¢10~° M).

In these omnidirectional effects of exogenous IAA, the abovementioned effect of small doses
of phytohormone had a further illustration. Indeed, just as in [1], a type of a point of sign
change of the biological effect of IAA was the concentration of 5.7¢107 M (1.0010* g/l). In
addition, when IAA was used at a concentration of 10 M (1.75¢107 g/1), which, according
to the just aforementioned work, promotes a more effective interaction between auxin and
the membrane or the receptor, we observed absolute maxima in the respective series of ex-
periments (the formation of IAA and anthranilate).

3.4. Effect of IAA and its predecessors on the pigmentation of submerged mycelia of L.
edodes F-249

The value of phytohormones for the morphogenesis of higher xylotrophic fungi has practi-
cally not been studied. Some evidence of the involvement of IAA phytohormone in the proc-
ess of morphogenetic differentiation of mushrooms of the Lentinus genus obtained through
simple experiments has existed for a long time, although they are only described in a few
papers [15, 16]. These authors suggest that phytohormones play an important role in the dif-
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ferentiation of the fungal culture and that the process of morphogenesis is closely related to
the dynamics of the level of endogenous growth regulators, including IAA.

Investigation of the role of phytohormonal substances in the metabolism of L. edodes is of
particular relevance at the stage prior to fruiting, which is characterized in shiitake by the
development of a specialized vegetative formation - brown myecelial film (BMF), because the
biochemical conditions for the genesis of such morphogenetic structures are still poorly un-
derstood.

In studying the effects of IAA and its precursors, as tryptophan, tryptamine, indolylaceta-
mide, indolylpyruvic acid, and indole, on the growth of submerged mycelia of L. edodes
F-249, in most cases, there was no change in the morphology of the culture. The only excep-
tion was the medium with 0.1 mg/l of JAAm. In this medium, there was a decrease in the
time required for the appearance of a brown myecelial film. In the medium with this addi-
tive, the film appeared as soon as the 17th day, whereas in the control version with other
concentrations of IJAAm and in the media with the remaining indole compounds, its forma-
tion was not observed.

In a study of the intensity of the growth processes of L. edodes in the presence of indolylace-
tamide, precisely the level of 0.1 mg/l of IAAm in the original culture medium corresponded
to the largest positive effect in regard to the accumulation of mycelial biomass (Fig. 6). At
the mentioned optimal concentration of IJAAm, in turn, the increase in biomass was the
greatest precisely on the 17th day (24%).
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Figure 6. Mycelial biomass accumulation (g/l) by submerged cultures of Lentinus edodes F-249 of different ages (days)
on media with indolylacetamide additives (mg/l): (1) 0, (2) 0.1, (3) 1, (4) 10, and (5) 100.
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In the studied samples of culture fluid, 5-hydroxy-IAA, an oxidized form of IAA, was present
in the control and in the media with TAM and IAAm at all ages of the mycelium, and its con-
centration in this case ranged from 0.78 to 2.63 mg/1 (Fig. 1b). The only exception was the medi-
um with 0.1 mg/l of IAAm, where on the 14th-21st days the level of 5-hydroxy-IAA increased
dramatically. As was mentioned above, this version of the experiment differed from the rest by
an early appearance of a brown mycelial film. On the 14th day, there was observed a signifi-
cant pigmentation of the mycelium, and the film had completely formed by 17th day. We can
assume that 5-hydroxy-IAA is involved in the formation of the BMF.

The existence of extracellular hydroxylating enzymes in mushrooms may be of ecological
and environmental as well as biotechnological relevance. Biocatalytic oxygen transfer by iso-
lated enzymes or whole microbial (fungal) cells is an elegant and efficient way to achieve
selective hydroxylation. Selective hydroxylation of aromatic compounds is among the most
challenging chemical reactions in synthetic chemistry and has gained steadily increasing at-
tention during recent years, particularly because of the use of hydroxylated aromatics as
precursors for pharmaceuticals [17].

The accumulation of a large biomass of mycelium is one of the factors necessarily required
to make a transition to the morphogenetic stage prior to fruiting (BMF in the shiitake fun-
gus), but not a sufficient condition for the development of a BMF. In the formation of myce-
lium pigmentation, oxidized indole derivatives should be also involved, the participation of
which in the conversion of 5,6-dihydroxyindole-indole — 5,6-quinone — melanochrome —
melanin in the case of catalysis by fungal tyrosinases leading to the formation of melanin
pigments of fungi has been known for a long time [18].

Thus, during the submerged cultivation of the xylotrophic basidiomycete L. edodes, a group
of metabolites of indolic nature was revealed, the composition and quantitative ratio of
which indicated the coexistence of two alternative routes of IAA biosynthesis in L. edodes.
These routes are Trp-dependent (mainly via tryptamine) and Trp-independent, the latter be-
ing not only implemented in the presence of exogenous indole within the concentration
range of 1¢10° — 1¢10* g/l, but also at inducing the biosynthesis of IAA by its exogenous
microadditives. The involvement of indole-3-acetamide and 5-hydroxy-IAA in the morpho-
genetic processes of the shiitake culture has been revealed. There was established the inter-
relationship of the level of JAAm and 5-hydroxy-IAA with the formation of a brown
myecelial film in the submerged culture and with the processes of growth and development
of fungal mycelia during submerged cultivation.

Despite several biocatalytic processes which have successfully put on the market, much re-
search remains to be done before enzymes can be used routinely throughout the chemical in-
dustry [19, 20]. Enzymes as catalysts in chemical syntheses make chemical reactions possible
under mild, environmentally friendly conditions in aqueous reaction mixtures and mostly, en-
zymes show specificity and selectivity that cannot be achieved by traditional chemical meth-
ods [21]. Enzymes implemented in the indolic compounds' biosynthesis not only in plants and
bacteria, but also in mushrooms, are capable of catalyzing regio-and stereoselective transfor-
mations leading to products that are useful as fine chemicals or pharmaceuticals.
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4. Conclusions

An enormous body of knowledge demonstrates that auxin indolyl-3-acetic acid can be syn-
thesized from tryptophan by plants and bacteria. Only few experiments are done with fungji,
therewith the published works on phytohormonic potentialities of xylotrophic mushrooms
are virtually absent.

The characterization of the group of extracellular indolic compounds of basidiomycete Lenti-
nus edodes in relation to the submerged cultivation conditions has been presented. The L. edo-
des F-249 culture has been stated to synthesize the indolic-nature compounds when being
grown in submerged culture. The group of extracellular indolic compounds of shiitake in-
cludes, in different proportions, the following components: L-tryptophan, 3-indolyl-3-acetic
acid, B-indolyl-3-acetaldehyde, (3-indolyl-3-acetamide, indolyl-3-pyruvic acid, tryptamine, 5-
hydroxy-p-indolyl-3-acetic acid.

The time-course production of indolic derivatives in culture liquid of shiitake has been stud-
ied comparatively to reveal correlations with the growth rates. It has been established that
shiitake is capable of producing indolylacetic acid rather actively in the culture-age depend-
ent manner. Maximal indolylacetic acid content we marked in experiments was 10.6 mg/1
provided that the initial tryptamine level in the medium was 1 mg/l. The highest levels of
tryptamine (22.8 mg/l), indolylpyruvic acid (13.9 mg/l), indolylacetaldehyde (27.9 mg/l), 5-
hydroxy-indolylacetic acid (9.2 mg/l) have been observed at different additives of the in-
dole-group substances, and varied with the fungal culture age. The indolylacetamide level
changed only slightly as compared to reference probe. Starting from the synthetic trypto-
phan-free medium, the concentrations of extracellular tryptophan became from 13.8 mg/l
(7th day) to 23.9 mg/1 (21st day).

On the basis of literature data on physiologically active concentration values for auxins in
plants, we use the concentration range of 10"~ 10® g/l of additives to explore the effects of
indolylacetic acid and its precursors upon the shiitake submerged culture. The positive in-
fluence of exogenic auxin within its concentration range of 2107 to 2¢10* g/l upon the L.
edodes biomass accumulation has been found, a minimal growth-inhibiting phytohormone
concentration being about 5¢10* g/l on mineral medium. When inducing the indolylacetic
acid biosynthesis by its exogenous micro-additives (1#10° to 1e10® g/I), the increase in phy-
tohormone level in the medium (up to 4000-fold) accompanied by the anthranilic acid ap-
pearance (up to 1.5 mg/l) have been revealed under these experimental conditions
exclusively.

The studies of biosynthetic routes for indolylacetic acid realized by the mushroom culture
under question have been attempted in order to conclude whether the above route is trypto-
phan-dependent, or tryptophan-independent pathway becomes also involved when the
mushroom grows in the presence of exogenous synthetic analogs of the auxin precursors.
The experimental evidences in favor of co-existence of two alternative pathways for indolyl-
acetic acid production by L. edodes have been obtained. Those routes are: tryptophan-de-
pendent (mainly via tryptamine) and tryptophan-independent, the latter being realized in

231



232

Environmental Biotechnology - New Approaches and Prospective Applications

the presence of exogenous indole within the concentration range 1¢10° — 1¢10* g/l or the
auxin micro-additives.

The induction of generative developmental stage by indolic derivative has been revealed for
shiitake. It has been stated that among the compounds - indolylacetic acid precursors, solely
indolylacetamide at a concentration of about 10* g/l in L. edodes culture liquid exerts the ex-
plicitly marked stimulating effect on the occurrence of morphological structure - brown my-
celial film.

More thorough investigations and specific search for the extracellular indolic compounds
among the huge number of basidiomycetous fungi colonizing litter or lignicelluloses will
surely result in the discovery of further fungal enzymes, as well as may help to understand
better the biological formation of the mushroom growth promoting substances and polycy-
clic aromatic compounds in terrestrial ecosystems.
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