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ABSTRACT

We studies the seasonal dynamics of phenolics in leaves, litter and soil of
the dominant host tree oak (Quercus robur L.) growing with ectomycorrhizal fungi
truffles (7. macrosporum) in oak forest (Fraxino angustifoliae-Quercetum roboris
Jov. et Tomi¢ 1979) near River Danube, near Belgrade. In litter, the highest content
of free phenolics was in April (primordial growth period of truffles) and bound
phenolics in August (truffles ripening- start of harvest). Due to intensive
decomposition of forest litter during the vegetative growth period, free phenolic acids
increased and the bound phenolic acids decreased. There was reduction in ratio of
bound cinnamic to benzoic acids, it indicated the microbial degradation of lignin and
the transformation of cinnamic derivatives into benzoic acid derivatives. In the top
soil layer, where the majority of truffle fruit bodies were found (28.31 kg/ha/year), the
free phenolics (direct influence on truffle growth and development) contents were up
to 58.36 ug/g. As the mycelia and fruit bodies of truffle grow in phenolic-rich forest
soil, hence, we assumed that the truffle is well-adapted to high phenolics content.

Keywords: Disturbed ecosystems, Ectomycorrhizal fungi, host plant metabolites,
phenolic acids, Quercus robur, rhizosphere soil, truffles, Tuber
macrosporum.

INTRODUCTION

Truffles (Tuber sp.) are underground ectomycorrhizal fungi that are closely
associated with numerous tree species. The most frequent host plants for truffles are trees
and shrubs from genuses Quercus, Populus, Fraxinus, Carpinus, Coryllus, Fagus and
Rosa. Truffles biology, taxonomy, morphology, anatomy, biogeography, mycorrhization,
biochemistry, genetics, ecology, life cycle, cultivation etc. had been extensively studied
(7,9,12-15,18,26,30,31,34,47,48, 50,51,53,57,58, 62,64,68). However, the effects of host
plant metabolites (phenolics) on truffles group of ectomycorrhizal fungi have not been
studied. Phenolics are present in all plant organs, both as free forms and forms bound with
other compounds, such as lignin [the common compound in tree species (40)] and
polysaccharides of cell walls (124). Phenolics play major role in plant-plant, plant-soil-
microbial and plant-pathogens interactions (17,22,24,67).
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Phenolics are added to soil through leaching (foliage and stem), leaf litter, roots exudates,
glandulose trichomes and microbial degradation of dead plant remains (mostly lignin).
Due to the abundance, the dominant trees in forest ecosystems are of great allelopathic
importance (19,21,32,40,66). Phenolic compounds inhibits some fungi (35), but some
fungi grow in phenolic solutions, using the phenolic compounds as source of carbon and
energy (49). Phenolics exerts fungal-species and genus-specific effects on their pre-
symbiotic growth (spore germination, hyphal length, hyphal branching, formation of
auxiliary cells and secondary spores of mycorrhizal fungi) and play role as signalling
molecules in the symbiotic relationships between the woody plants and ectomycorrhizal
fungi (27,39,61).

Figure 1. The Fraxino angustifoliae-Quercetum roboris forest with old pedunculate oak trees and
fruiting bodies of T. macrosporum, found by specially trained dogs. The fruit bodies were
found in the surface soil layer (0-5 cm depth).

Truffle (T. macrosporum Vitt.) are common species in Serbia, in hilly terrains,
alluvial and moist soils near streams (55) (Figure 1). The hosts of T. macrosporum in
Serbia are Quercus robur L., Populus nigra L. and Populus alba L. (51). To study the
allelopathic interference of donors (host plants) and acceptors of phenolics
(ectomycorrhizal fungi), the total phenolics and phenolic acids contents in litter and
rhizosphere soil of pedunculate oak forest (Fraxino angustifoliae-Quercetum roboris) with
autumnal truffle (Tuber macrosporum Vitt.) was analyzed monthly (March to October,
2012).

MATERIALS AND METHODS

L. Plant community

The forest Fraxino angustifoliae-Quercetum roboris Jov. et Tomi¢ 1979 is
located near the River Danube (44049'14” N, 20°27'44" E, 70,75 m.s.l.), near Belgrade.
The forest has developed on temporary waterlogged soil in disturbed ecosystem [degraded
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by excessive timber cutting, then Populus nigra and P. alba invaded the habitats of
pedunculate oak (Quercus robur)]. Pedunculate oak almost exclusively forms the highest
floor of forest. There are also few plants of Fraxinus angustifolia Vahl. and Populus alba
in this floor. F. angustifolia dominates in shrub and lower tree floor. There was greatest
diversity of herbaceous species in forest floor and the most abundant species were:
Stellaria media (L.)Vill,, Cerastium glomerata Thuill., Taraxacum officinale Webb.,
Urtica dioica L., Galium aparine L., Cardamine pratensis L., Lamium purpureum L.,
Fraxinus angustifolia, Lythrum salicaria L. and Glechoma hederacea L (Figure 8).

I1. Collection of plant material, litter and soil samples

The samples of freshly fallen autumn leaves, litter and soil from Fraxino
angustifoliae-Quercetum roboris forest with truffle (7. macrosporum) were collected
monthly (March to October) at various stages of truffle growth (Table 1).

Table 1. The life cycle of T. macrosporum during the vegetation period (March to October)

Month Growth Phase

March Apearance of primordia

April Growth of primordia

May Initial development of fruiting bodies

June Rapid truffle growth begins

July Truffles begin to ripen —first mature specimens
August Truffles continue to ripen — harvesting begins
September Truffles continue to ripen--and are harvested
October Harvesting continues

*Source: Unpublished data of Dr. M. Milenkovi¢.

Soil samples were collected monthly (March to October) from the 3- transects
(each 20 m wide and 50 m long) in study forest. After the removal of partially decomposed
litter, soil samples were collected from the surface layer (up to 5 cm depth) including the
‘fermentation’ (Of) and the organo-mineral ‘humic’ (Ah) horizons (6 x 0.5 kg). After the
removal of visible plant remains, the soil was dried at room temperature, ground and
passed through a 2 mm mesh screen (n = 6).

III. Litter bag experiment

Three transects (each 20 m wide and 50 m long) were made in study forest: (i).
Forest along the sandy levee next to River Tami$, (ii). Central part of forest and (iii) Far
edge of forest. In beginning of October 2012, freshly fallen leaves were collected on
plastic nets randomly distributed in forest in all 3-transects. Fifty g leaf litter (without
adhering material) was dried at 60°C to a constant weight and enclosed in plastic net (mesh
size 1 mm) bags (20 x 20 cm). Sixteen bags were randomly placed on the forest floor in
each transect in the beginning of October 2012. For the seasonal analysis of phenolic
compounds, two bags were taken out from each transect (n 2 x 3 =6) every month (March
to October, 2013). The litter from the bags after removing the soil and roots, was dried at
room temperature, ground and passed through a 2 mm mesh screen. In the beginning of
October 2012, two samples of fallen leaves were collected randomly from each transect as
starting material for analysis of total phenolics and phenolic acids, (3 transects and two
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samples from each: 6 x 0.5 kg; n=6). The leaves were dried at room temperature, ground
and passed through a 2 mm mesh screen.

IV. Truffle fruit bodies yields

The fruiting bodies of T. macrosporum were sampled during August 2012 and in
January and February 2013. Sporocarps were found with specially trained dogs, who
smells the volatile allelochemicals released from the mature tubers (sporocarps) of truffles.
After removing the soil, the fruiting bodies were weighed. Their average weight was 10-50
g, while bigger ones (50-100 g) were rare. The fruit bodies yield of 7. macrosporum in this
forest was 28.31 kg/ha/year.

V. Extraction of phenolics from plant litter and the fallen leaves of dominant trees

Both phenolic acids and total phenolics were extracted from dry litter material (6
x 2 g evry month) with 30 ml of distilled water for 24 h at room temperature. The water
extract was adjusted to pH 2.0 with 2N HCI and phenolics were transferred to ethyl acetate
(3 x 30 ml). The mixture was evaporated to dryness and the residue dissolved in 4mL of
80% (v/v) methanol (free phenolics) and used for HPLC analysis or stored at -20 oC.
Bound phenolics were prepared by boiling the residue that remained after the first
procedure in 2N HCI for 60 min and transferring to ethyl acetate (3 x 30 ml). Total
phenolics and phenolic acids (free and bound forms) were extracted from the freshly fallen
autumnal leaves of dominant trees (starting material) in the same way as for litter, from 6 x
2 g of dry plant material (n=6).

VI. Extraction of soil phenolics

Free forms of phenolics were extracted from 6 x 30 g of dried soil samples
collected every month in distilled water at room temperature and shaken for 24 h (n = 6).
The water extract was adjusted to pH 2.0 with 2N HCI and transferred to ethyl acetate (3 x
30 ml). The mixture was evaporated to dryness and the residue was dissolved in 4 mL of
80% (v/v) methanol (free phenolics) and used for HPLC analysis or stored at -20°C.
Residual soil was treated with 15 ml of 2N NaOH and after boiling for 24 h, the bound
phenols were determined (36). The quantity of total phenols (free and bound forms) in
litter and soil was detected spectrophotometrically, using the Folin-Ciocalteau’s reagent
(23). The calibration curve was prepared based on different concentrations of ferulic acid.

VII. Determination of phenolic acids by HPLC

Phenolic acids were detected between 210 and 360 nm using a Hewlett Packard
diode array detector (HP 1100 HPLC system). Separation was achieved with a Nucleosil
100-5 Cyg column; 5 pum, 4.0x250mm (Agilent Technologies, USA). A step-gradient of
acetonitrile in water was used: 15% acetonitrile (5 min, gradient), 30% acetonitrile (20
min, gradient), 40% acetonitrile (25 min, gradient), 60% acetonitrile (30 min, gradient),
60% acetonitrile (35 min, gradient), and 100% acetonitrile (45 min, isocratic). In order to
avoid the tailing of the phenolic acids, 0.05% o-phosphoric acid was added to the solvents.
The flow rate was 1ml/min. The injection volume was Sul for each of the 6 samples of
freshly fallen autumnal leaves and for each of the 6 samples of litter and soil taken each
month. The identity of the phenolic acids was determined by the comparison of retention
times and the maximum of absorption of known peaks with pure standards. p-
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Hydroxybenzoic and syringic acids (Acros organics, USA), and ferulic, vanillic and p-
coumaric acids (Serva, Germany) were used as phenolic standards. Units of phenolic acids
were expressed in micrograms per gram of freshly fallen leaves, plant litter and soil dry
weight (23).

Statistical analyses

The statistical evaluation of differences in the total content of phenolics and the
composition of phenolic acids in plant material, litter samples and soil samples was
performed with ANOVA tests. The data was processed using the Statistica 6.0 for
Windows statistical package. Relationships were considered as significant at p <0.05.

RESULTS AND DISCUSSION

Phenolics in freshly fallen leaves of dominant trees

In freshly fallen autumnal leaves of dominant tree species were collected as
starting material in the beginning of October 2012, the total free and bound phenols
contents were equal (12,405.23 and 12,506.27 pg/g). Five phenolic acids (p-coumaric,
ferulic, p-hydroxybenzoic, vanillic and syringic) were found. Two of them are derivatives
of cinnamic acid: ferulic (4-hydroxy-3-methoxy-cinnamic acid) and p-coumaric acid
(trans-4-hydroxy-cinnamic acid), while 3-compounds were derivatives of benzoic acid: p-
hydroxybenzoic acid, vanillic acid (4-hydroxy-3-methoxy-benzoic acid) and syringic acid
(3.5-dimetoxy-4-hydroxy-benzoic acid. The bound forms (p-coumaric, ferulic, p-
hydroxybenzoic and vanillic) dominated (p <0.001) than free phenolic acids. The amount
of free syringic acid was 9.4 times higher than bound forms (Table 2, Figure 2). The free
forms (were 6- times more) and bound forms (were 4- times more) of derivatives of
benzoic acid were more than cinnamic acid, due to high contents of bound vanillic and free
syringic acids. Phenolic acids in leaves of dominant trees gathered as starting material
account only for small percentage of the total phenols [1.48% free forms and 2.30% bound
forms].

Table 2. Total phenolics and phenolic acids content (ug/g) in freshly fallen leaves of dominant trees
gathered as starting material

Free Bound Total
Total phenolics 12405.23 12506.27 ™ 24991.51
p-Coumaric acid 12.01 25.24 #** 37.25
Ferulic acid 15.36 33.09 #** 48.45
p-Hydroxybenzoic acid - 4.33 wwk 4.33
Vanillic acid 21.1 210.46 *** 230.5
Syringic acid 135.49 *** 14.46 149.96

**%* Significantly different at 0.001, ns-not significant, by t-test (n = 6).

Our these results about the content of total free and bound phenolics in freshly
fallen leaves of dominant trees in forest with 7. macrosporum are in accord with previous
findings for different tree species, where the phenolics content varied between 2.94-77.00
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mg/g (20,38). The dominant plant species, especially trees leaves are the main source of
phenolics and phenolic acids in forest ecosystems. Thus after leaf fall, they enter the litter
and are added to soil (19,20,21). For example, the fallen leaves of the oaks Q. conferta and
Q. cerris contains 44.16 mg/g and 42.86 mg/g of total phenolics (22).

In our study, in freshly fallen leaves of dominant trees in community with 7.
macrosporum, derivatives of benzoic acid dominated than derivatives of cinammic acid,
both in their free and bound forms, due to the high contents of free syringic acid and bound
forms of vanillic acid in their tissues. Contrarily, in freshly fallen leaves of Q. conferta and
Q. cerris, derivatives of cinammic acid predominate (22). Phenolic acids contents in the
leaves of dominant trees in the forest with 7. macrosporum, collected as starting material,
both in their free and bound forms were: 0.1-1.1% and 0.03-1.7%, respectively, of total
phenolics. It is a similar to fallen leaves of other tree species (19,20,21,22).

Seasonal dynamics of total free, bound phenolics and phenolic acids

(I). Forest litter

The litter was mainly partially decomposed leaves of dominant trees (Q. robur, F.
angustifolia and P. alba) ( Fig. 3). The highest concentrations of free phenolics were found
at the beginning of vegetative growth (April), afterwards they decreased and remain
constant until the end of vegetative period (October). Contrarily, the contents of bound
phenolics in litter decreased at the beginning of vegetative growth (April), and reached
peak during the summer (August) then decreased by the end of vegetative period. It was
found that when the level of free phenolics in litter increased, the bound forms decreased
and vice-versa.
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Figure 3. The seasonal dynamics of total free and bound phenolics in litter during the experimental
period (from March to October). The different letters indicate significant differences
between the concentrations of phenolics at p <0.05 (ANOVA), n=6 for each month.

The loss of total free phenolics in partially decomposed litter at the beginning of
vegetative season (April 2013) was 75.64% and 89.54% in August and October 2013,
respectively. While the loss of total bound phenolics in partially decomposed litter
between beginning of October 2012 and March 2013 was 26.80%. However, at the end of
vegetative season (October 2013), this loss was 47.88%. In litter during the vegetative
period, the amount of free phenolic acids was between 11.50 and 90.11pg/g. p-Coumaric,
ferulic and vanillic acids reached their highest concentrations during spring (April-May),
while p-hydroxybenzoic and syringic acids peaked in summer (June-July). The levels of p-
coumaric and vanillic acids increased again during September and October. After a sudden
decrease at start of vegetative growth (April), the level of bound forms of phenolic acids
(p-coumaric, ferulic, p-hydroxibenzoic and vanillic) in litter did not change till July. All
bound phenolic acids in litter, except p-hydroxibenzoic, reached their highest contents in
August and decreased thereafter (Fig. 4). The content of bound phenolic acids during
vegetative growth was always greater than free forms.

The seasonal dynamics of free and bound phenolic acids expressed as percentage
of total free and bound phenols in partially decomposed litter is shown (Fig. 5). The free
phenolic acids (%) in litter increased from March (1.59%) to May (12.29%) of the total
free phenols. After decrease in June (7.47%), their percentage increased to 16.14% in
October. At the beginning of vegetative growth, bound phenolic acids were 4.68% of total
bound phenols and decreased to 3.41% in August during the most vegetative growth
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Figure 4. The seasonal dynamics of free and bound phenolic acids in litter during the experimental
period (March to October). The different letters indicate significant differences between
concentrations of each phenolic acid at p <0.05 (ANOVA), n=6 for each month.

season, the dynamics of bound phenolic acids as percentage of total bound phenols
followed the opposite trend to free forms i.e. when the percentage of free forms increased,
bound forms decreased. The seasonal changes in the free phenolic acids were more
pronounced (1.59% at the beginning of vegetative growth (March) up to 16.14% at the end
maturity (October) than bound forms (4.68% at start of vegetative growth decreased to
3.29% at the end).

The of total free phenolics content in litter was 3- times lower than in fallen
leaves, due to leaching of water-soluble phenolics by precipitation and the microbial
decomposition of dead plant remains. Owing to leaching of free phenols, insoluble and
less degradable compounds (such as lignin, cellulose and hemicelluloses), predominate in
the litter during the later stages of decay (42,56). This explains the decrease in the amount
of total free phenols in litter than in freshly fallen leaves, with severe loss of 75.64% at the
beginning of vegetation in March and 89.54% in August. The loss of total bound phenols
is almost half of free phenols, due to their slower microbial decomposition. Similar results
were obtained for the litter of Pinus contorta Douglas ex Loudon, Acacia longifolia
(Andrews.)Willd., Alnus glutinosa (L.) Gaertn, where insoluble and less degradable
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Figure 5. The free and bound phenolic acids contents in litter as percentage (%) of total phenols (free
and bound).

compounds prevailed during the later stages of decomposition, whereas extractable
phenolics and tannins were lost rapidly from the leaves by leaching (59). In our study, free
forms of five phenolic acids were only 1.48% of the total free phenolics in the fallen
leaves collected as starting material, which is in accord with our previous findings
(20,21,22). During the vegetative growth period, with increase in the microbial
decomposition of leaf litter, the free phenolic acids as percentage of total free phenolics
were 16.14%. The content of free phenolics increased in spring (April), due to the
environmental conditions (increased temperature and moisture). Favourable environmental
conditions increase the activity of microbial decomposers of organic matter. The curves of
seasonal levels of free and bound phenolics have opposite trends, because when the levels
of bound phenols decrease, those of free phenols increase, which points to intensive
microbial activity during the whole vegetation period. It slows down only during the
period of drought which usually occurs in June and July. Furthermore, based on the
dynamics of free phenolic acids contents, it can be asserted that intensive ligninolytic
activity of microorganisms in litter takes place during the whole vegetative period. Its
intensity decreased in summer dur to higher air and soil temperature and low moisture
level in litter and soil. The ligninolytic activity is also confirmed by the fact that the
percentage of free phenolic acids increases suddenly at beginning of vegetative period,
when conditions for the microbial activity are more favourable and that the percentage is
highest between September and October (up to 16.14% of total free phenolics). In general,
the level of bound forms of phenolics in litter is always several times higher than free
forms, as their incorporation into microbial organic mass occurs as well as the creation of
resistant humus material (40,49). The major part of structural units of soil humus appears
during the degradation of lignin and other phenolic compounds of plant origin. The
important components for the synthesis of humic acids are different phenolic compounds
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from plant lignin and flavonoids. Some phenols, such as phenolic acids and phenolic
polymers, are synthesized by the microorganisms themselves (both Macromycetes and
Micromycetes) (40).

In the pedunculate oak forest, the ectomycorrhizal fungus 7. macrosporum, the
intensively decomposed the leaf litter during the whole vegetation period. This is evident
from the reduction in the levels of total free and bound phenols in litter than their
concentrations in freshly fallen leaves (at the beginning of and during the vegetative
season). This can also be seen based on the seasonal dynamics of free and bound phenolic
acids in partially decomposed litter. Phenolic acids as products of microbial degradation of
lignin can serve as reliable indicators of the activities of microorganisms during the
vegetative growth. Fungi play an important role in leaf litter and forest floor material
decomposition by decomposing the lignocellulose matrix, other organisms are only rarely
able to decompose litter. Lignin decomposition involves numerous chemical reactions,
which indicates that a set of extracellular enzymes is responsible for the fungal
decomposition of lignin (16,44). The partial mineralisation of lignin or dehydrogenative
polymers of lignin monomers has been demonstrated for some ectomycorrhizal fungi
(10,28,55,65). This indicates the ability to produce lignin peroxidase, laccase and
manganese peroxidase activities. Polyphenol oxidases are produced by range of
ectomycorrhizal and ericoid mycorrhizal fungi (10). Fungal phenol oxidizing enzymes of
ectomycorrhizas (laccases, peroxidases and tyrosinases) can contribute substantially to the
humification processes in soil (33). Due to cellulolytic, hemicellulolytic, pectinolytic and
ligninolytic activities, the ericoid mycorrhizal endophyte (Hymenoscyphus ericae) can
decompose the components of plant cell wall, facilitating access to mineral nutrients
sequestered within the moribund plant cells walls. Ericoid mycorrhizal fungi are capable
of greater phenolic degradation than most ECM species and their degradative ability is
associated with production of extracellular phenol-oxidizing enzyme, tyrosinase (4,11).
The highest content of free phenolics in litter of pedunculate oak forest was at the
beginning of vegetative growth, while the highest content of bound forms was during the
summer. It was contrary to our earlier findings on the seasonal dynamics of phenols and
microorganisms in partially decomposed sessile oak litter. The level of free phenolics (was
several times higher than bound forms) peaked in July and was much lower at the
beginning (April) and at the end of vegetative period (October). At the same time, the
abundance of ammonifiers and humifiers was at peak during spring and autumn, when free
phenolics in litter were at low level, which indicates the significant regulatory role of
phenolics in the population structure of soil microorganisms (19). Osono and Takeda (56)
investigated the decomposition of lignin, holocellulose, polyphenols and soluble
carbohydrates in relation to nitrogen (N) dynamics in the tree leaf litter. They found
negative correlation between the litter mass loss rate and lignin content and positive
correlation between the content of polyphenols and soluble carbohydrates. This was
further supported by findings of Baar and de Vries (1) that the removal of litter and humus
layers increased the number of ectomycorrhizal types (Laccaria bicolor, Paxillus involutus
and Rhizopogon luteolus) on Scots pine seedlings, while the addition of organic material
led to their decrease.
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(IT). Forest soil

Dynamics of phenolics contents and Truffles growth: The amount of free phenolics in
soil decreased from March (74.06 pg/g, when primordia appeared) to May (38.0ug/g),
when the development of truffle fruit bodies began (Fig. 6). Thereafter it stagnated until
August (truffles continue to ripen), and then increased till end of vegetation season in
October (93.62 ug/g) i.e harvest of fruit bodies). However, the dynamics of bound phenols
in soil, showed the opposite trend to free forms, with their levels increasing till June
(1,496.00pg/g, 38.95 times higher than free phenols, when truffles grow rapidly); then
decreased till September (truffles continue to ripen and harvested) and at end of vegetative
growth and harvest of truffles increased to peak (1,528.0 ug/g). Such dynamics of free and
bound forms of phenols indicate the constant microbial activity in soil during the
vegetative season.

1800 T T T T T T T T T

@ free phenolics
"M bound phenolics

1600

T

1400

T

T

1200

1000

T

800

T

600

T

Total phenolics content in soil (mg/g)

400

T

d
a b c C c bc bc
200 f 1
— — — _'_:.:
—— —@—=-—O— —O—— ==
0 " L e L L "
March April My June July August  September  October

Figure 6. The seasonal dynamics of total free and bound phenolics in soil during the experimental
period (March to October). The different letters indicate significant differences between
the concentrations of phenolics at p <0.05 (ANOVA), n=6 for each month.

Of the 5- free phenolic acids (p-coumaric, ferulic, p-hydroxibenzoic, vanillic and
syringic), the vanillic, p-hydroxibenzoic and syringic acids were found in soil during the
vegetative season, while, ferulic and p-coumaric acid were detected only at end of
vegetative growth (Fig. 7). The levels of p-hydroxybenzoic acid in March was low (0.66
pg/g) and of vanillic acid in October was also low (11.08ug/g). Vanillic and syringic acid
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Figure 7. The seasonal dynamics of free and bound phenolic acids in soil from March to October.
The different letters indicate significant differences between concentrations of each
phenolic acid during the experiment at p<0.05 (ANOVA), n=6 for each month.

peaked twice, in April (8.17 pg/g of vanillic acid and 4.07 pg/g of syringic acid) and July
(9.15 pg/g of vanillic acid and 4.99 ng/g of syringic acid), when the truffles begin to ripen.
The seasonal dynamics of bound phenolic acids (Fig. 7), showed that their concentrations
increased from March, reaching a peak in July, afterwards their concentrations decreased
or stagnated till end of vegetative season in October. Syringic and p-coumaric acids
predominated, while p-hydroxibenzoic acid was in least quantity. During the vegetative
growth, the levels of bound forms of phenolic acids was several times higher than free
forms (bound syringic acid was 20.8 times higher than free forms).

The free phenolic acids contents in soil as percentage of total free phenols
increases from the beginning of vegetative growth (March: 6.83%) to June (38.45%), then
decreased to 20.92% at end of vegetative growth phase in October. While in the vegetative
growth period, the level of bound phenolic acids as percentage of total bound phenols
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reached maximum twice [in April (17.03%, when primordia grow) and in September
(16.00%)]. Similar to fall in percentage of free phenolic acids in soil, the percentage of
bound forms also decreased (May-August). The percentage of free phenolic acids in soil
was always greater than bound forms (Fig. 8).
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Figure 8. The free and bound phenolic acids contents in soil as a percentage (%) of total free and
bound phenolics.

In our study, the amount of free phenols in the soil decreased during the spring
and summer. On the other hand, the amount of bound phenols increased so that their levels
were up to twice as high as at the beginning of vegetation (March-April). Soil solution
concentrations of phenolics are product of the inputs of phenolic acids (e.g., leaching of
plant materials, microbial activity, root secretions and exudations and root cell autolysis),
losses of phenolic acids (e.g., sorption by soil particles, microbial utilization, uptake by
roots) and soil water content. For example, Kuiters and Denneman (42) studied the
monthly fluctuations in the free and bound phenolics content in highly podzolizic sandy
soil in beech forest and found a distinct seasonal pattern at the site - phenolics reached
their highest level in late winter (January), then the concentration fell to its former level
during January- March. Authors argued that the decrease in phenolic acids in spring was a
result of increased microbial activity due to high soil temperature and soil's adsorption of
organic matter during humification. Similarly, in our study the high concentrations of
bound phenolics between May and September can also be attributed to increased microbial
activity due to the high soil temperature (which leads to transformation of free forms of
phenolics into bound forms and their adsorption to soil particles during humification).
According to our previous research, the seasonal dynamics of phenolics in soil depends on
the type of forest phytocoenosis and the dominant species in it. The highest content of total
phenolics occurs in summer in a sessile oak forest (19); it falls in spring, but increases
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during summer and autumn in a forest of black ash and Virgilius oak (20); and it falls
between March and May in the rhizosphere soil of the vernal ephemeroid Arum
maculatum in a beech and linden forest (25).

The contents of total bioavailable phenolics [in different oak forest soils in Serbia,
which directly effects the plants and microorganisms, (particularly 7. macrosporum, found
exclusively in pedunculate oak forests)] in the Virgilius oak forest were 143.60 pg/g (20)
and 74.06 pg/g in the inundate pedunculate oak forest (21). Compared to our results,
Kuiters and Dennenman (42) detected significantly higher levels of free phenolics (155
pg/g) in the humic layer of soil beneath Quercus robur. However, Lodhi (45,46) found
considerably higher content of bound phenolic acids in the soil developed below Fraxinus
pensilvanica Marsh, Quercus macrocarpa Michx. and Celtis laevigata Willd.

In general, the abundance of genera of ectomycorrhiza (ECM) was higher in the
organic soil layers than the mineral soil horizon. While Cenococcum geophilum preferred
the organic soil layers probably due to potentially higher ligninolytic capacity than other
ectomycorrhizal fungi (2), Lactarius spp., Tomentella spp. and Tuber spp. were generally
most abundant in the mineral soil horizons (4). The fruiting bodies of T. macrosporum are
generally found in the the humic surface soil layer (0-5cm), with 6.60% humus, 3.83% C
and 0.35% N (21), which is contrary to the findings of Baier et al. (2) for Tuber spp.,
found in the mineral soil horizons in a Norway spruce (Picea abies [L.] Karst.) plantation
on a mountainous dolomitic site (1,050 m above sea level) in the Bavarian Limestone
Alps. The greatest proportion of fruiting bodies of 7. macrosporum was found in 0-5cm
soil layer (Figure 8), nearly 30 kg/ha/year (21). This can be attributed to the specific
conditions which prevail in the floodplain forest with 7. macrosporum. During November-
beginning of March, the soil is under water and in remaining months, the level of ground
water is high, hence, the root system of most host trees of truffles is found in surface layer
of soil. The transformation of organic matter is characterized by alternating aerobic and
anaerobic phases. Due to the prolonged period of aerobic transformation of organic matter,
the humus has mullic properties and the C:N ratio indicates that the mineralization process
is slowed (21).

Some fungi may grow in media which have high concentrations (up to 5g/l) of
orcinol, protocatechuic, p-hydroxybenzoic or vanillic acids, using these compounds as the
only source of carbon and energy (49). However, Harrison (35) found that some fungi
isolated from decomposed oak leaf litter are inhibited by the tannins of Quercus petrea and
Q. robur leaves, which may therefore, be responsible for the lower microbial activity in
decomposing oak leaf litter. Tannic acid and condensed tannins inhibit the enzymes [3-
glucosidase, amylase and cellulase, which are important for cellulose degradation (1).
Douds et al. (27) reported that ferulic and caffeic acid depressed the growth of arbuscular
mycorrhizal fungi, Gigaspora gigantea and Gigaspora margarita. Vanillic acid stimulated
the hyphal growth and the branching of both fungi, and should increase the probability of
contact between the fungus and host root. p-Hydroxyacetophenone, catechol, p-
hydroxybenzoic and protocatechuic acids inhibited or stimulated the mycelia growth of
two ectomycorrhizal fungi (Cenococcum geophilum and Laccaria laccata), according to
the kind of substance and its concentration. L. laccata was more affected than
C. geophilum (8).

Stimulation or inhibition of growth of fungi by phenolic compounds are species
dependent, Fries et al. (29) stated that soil application of p-coumaric acid,
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p-hydroxybenzoic acid, or quercetin at 0.25mM stimulated the plant growth of Trifolium
repens L. cv. Ladino and Sorghum bicolor L. and the colonization of roots by the AM
fungus Glomus intraradices, whereas at 1.0mM, these phenolics were inhibitory to both
growth and colonization. Contrary to this, Zeng and Mallik (69) established that an
equimolar mixture of three phenolic acids (ferulic, o-coumaric, and o-hydroxyphenylacetic
acid), commonly found in Kalmia angustifolia, had no negative effects on fungal growth at
a concentration of ImM. o-Hydroxyphenylacetic acid stimulates the growth of Laccaria
laccata, L. bicolor, and Paxillus involutus at concentrations of ImM. Some
ectomycorrhizal fungi, such as P. involutus and L. bicolor, are able to degrade Kalmia
phenolics and use the degraded products as a source of carbon to stimulate growth.

In the soil there is a mixture of different phenolic compounds and their
stimulatory or inhibitory effect depends on the types of microorganisms and phenolic
compounds, and their amounts. In summary, it can be said that phenolics exhibit fungal-
species and genus-specific effects on pre-symbiotic growth (spore germination, hyphal
length, hyphal branching and the formation of auxiliary cells and secondary spores of
mycorrhizal fungi) and play a role as signalling molecules in symbiotic relationships
between woody plants and ectomycorrhizal fungi (27,39,54,61,63).

Correlation between total phenolics and phenolic acids in litter and soil

Data on the correlation between total phenolics (free and bound forms) and
phenolic acids (free and bound forms) in litter and soil (Table 3 and 4) confirmed negative
correlation between (i). bound total phenolics in litter with free phenolic acids in litter and
(i1). bound phenolic acids in litter and free phenolic acids in the soil. Bound phenolics in
soil had negative correlation with free phenolic acids in litter, likewise, the bound phenolic
acids in litter and free phenolic acids in soil (p <0.01, 0.01 and 0.05 respectively).
Furthermore, negative correlation between the free total phenolics in litter and bound
phenolic acids in soil (p <0.05) was found, but there was positive correlation between the
bound total phenolics in litter and those in soil (p <0.01). A positive correlation was found
between the free phenolic acids in litter on the one hand, and bound phenolic acids in litter
and free phenolic acids in soil on the other (p <0.01). Bound phenolic acids in litter and
free phenolic acids in soil correlate positively, as do free and bound phenolic acids in soil
(p <0.05). In addition, free benzoic acid in litter correlates positively with free cinnamic
and free benzoic acid in soil, as well as with bound cinnamic and bound benzoic acid in
litter. Free cinnamic acid in soil has a positive correlation with free benzoic acid in soil
and bound cinnamic acids in both litter and soil. There was positive correlation between
free benzoic acid in soil and bound cinnamic acids in both litter and soil (p <0.01). Bound
cinnamic acid in litter correlated positively with bound benzoic acids in litter (p <0.01).
Our results showed positive correlation between the bound cinnamic acids in litter on the
one hand and free and bound benzoic acids on the other. This confirmed that the microbial
degradation of lignin occurs in litter as well as the transformation of derivatives of
cinnamic acid into derivatives of benzoic acid. This is further supported by the fact that the
ratio of cinnamic to benzoic acids (the bound forms of these acids) is constantly
decreasing, which at the beginning of vegetative growth (March) was 1.74 and decreased
to 0.72 at the end of vegetative period (October).
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Table 3. Correlation coefficients between total phenolics and phenolic acids in litter and soil

LFPh LBPh SFPh SBPh LFPA LBPA SFPA SBPA

LFPh 1.00 0.17 0.19 0.36 -0.15 -0.29 -0.51 -0.64*
LBPh 1.00 0.39 0.84%* -0.98** -0.95%* -0.85%* -0.23
SFPh . 1.00 0.58 -0.27 -0.40 -0.38 0.07
SBPh 1.00 -0.80%* -0.81%%* -0.76%* -0.14
LFPA 1.00 0.88** 0.88%%* 0.34
LBPA 1.00 0.75* 0.12
SFPA 1.00 0.68*
SBPA 1.00

* %% Significantly different at 0.05 and 0.01, respectively, by t-test (n = 6). LFPh: Free total
phenolics in litter; LBPh: Bound total phenolics in litter; SFPh: Free total phenolics in soil, SBPh:
Bound total phenolics in soil; LFPA: Free phenolic acids in litter; LBPA: Bound phenolic acids in
litter; SFPA: Free phenolic acids in soil; SBPA: Bound phenolic acids in soil.

Table 4. Correlation coefficients between various phenolic acids in litter and soil

LFC LFB SFC SFB LBC LBB SBC SBB
LFC 1.00 0.31 0.56 0.48 0.18 0.03 0.59 0.36
LFB 1.00 0.81%* 0.80* 0.95%* 0.95%%* 0.46 -0.42
SFC 1.00 0.83** 0.72% 0.59 0.70% 0.01
SFB 1.00 0.87%* 0.63 0.85%* 0.19
LBC 1.00 0.91** 0.58 -0.27
LBB 1.00 0.46 -0.46
SBC 1.00 0.21
SBB 1.00

*, ** Significantly different at 0.05 and 0.01, respectively, by t- test (n = 6). LFC : free cinnamic
acids in litter, LFB: free benzoic acids in litter, SFC: free cinnamic acids in soil, SFB: free benzoic
acids in soil, LBC: bound cinnamic acids in litter, LBB: bound benzoic acids in litter, SBC: bound
cinnamic acids in soil, SBB: bound benzoic acids in soil.

CONCLUSIONS

We concluded that litter is the main source of phenols, which enter the soil after
microbial degradation and the transformation of organic matter, primarily lignin. This was
confirmed by the positive correlation between free phenolic acids in litter and those in soil,
bound phenolic acids in litter and free phenolic acids in soil, and bound total phenolics in
litter and those in soil. A significant part of decomposition and transformation of organic
matter takes place in the litter, however the main part of metabolism of organic matter
does not occur in litter but in the soil, as a more stable and favourable substrate for
microbial activity. This was confirmed by the levels of free phenolic acids as a percentage
of total free phenols, which was 1.48% in the leaves at starting material, 16.15% in litter
and 38.45% in soil. This also applied to the level of bound phenolic acids as a percentage
of total bound phenols, which was 2.30% in leaves, 4.68% in litter, and 17.03% in soil.

Our study showed that concentrations of phenolic acids in the litter and soil of the
pedunculate oak forest with 7. macrosporum were lower than inhibitory concentrations
stated by other authors and were found in litter in the following ranges: free phenolic acids
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(1.76 x 10™* to 5.99 x 10*M) and bound forms (1.76 x 10™ to 8.73 x 10*M). In soil, their
concentrations were even lower, with free forms (1.06 x 107 to 6.58 x 10°M) and bound
forms (1.60 x 10 to 2.98 x 10™“M). The amount of total free phenols in the soil of
pedunculate oak forest, which had a direct physiological effect on plants and
microorganisms, decreased at the start of vegetative growth when primordia grow and
during the vegetative growth period they were 38.00-50.35ug/g. These concentrations of
free phenols also apply to the other phases in the development of T. macrosporum viz.;
May (Development of fruiting bodies begins), June (Beginning of rapid growth of fruiting
bodies), July (Truffles begin to ripen, August (Truffles ripen further), September (Truffles
continue to ripen and were harvested).
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