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ABSTRACT

Currently, reforestation efforts focus primarily on deciduous species replacing coniferous monocultures. Related to
this are efforts to identify their interactions in the soil. Root exudation has many functions, including plant commu-
nication with soil microorganisms and the solubilisation of nutrients. Root exudates reflect the situation in the soil, as
well as refer to the plant species and health/fitness. The idea here was to reveal the typical content of low-molecular-
weight phenolic acids in the soil solution that occur in the early-life stages of most typical temperate deciduous trees
Quercus robur, Sorbus torminalis, Fagus sylvatica and Acer pseudoplatanus, including the fast-growing invasive
Robinia pseudoacacia. To compare their initial strategies and ambient, seedlings were planted in the pot experiment
for one season since emergence. The following phenolic acids were detected in detectable concentrations: vanillic,
4-benzoic, syringic, p-coumaric and salicylic. Each tree species tested showed a unique fingerprint in these acids,
which can be considered species-specific, i.e., their presence differed among the species. Robinia pseudoacacia (un-
like the other trees tested) showed the ability to maintain high levels of p-coumaric acid in the soil solution, indicat-
ing its potential to survive in nutrient-poor soil and achieve rapid growth. On the contrary, the levels of all phenolic
acids detected in the soil solution of Quercus robur and Sorbus torminalis were very low. These fingerprints should
be extended to other compounds and also to older trees.
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Differences in phenolic acids in soil substrates of forest deciduous tree species

INTRODUCTION

Root exudation (mostly located at the root tips) belongs to
one of the strategies of how the plant may affect the soil
environment (Kaiser et al. 2002; Vives-Peris et al. 2020).
The root tip gets in contact with the soil environment and
reacts to various chemical, biological and physical stim-
uli. In addition to dissolved mineral substances, the soil
solution also contains many soluble organic compounds
(dissolved organic carbon — fraction smaller than 0.45
um), which get here mainly via the plant exudation, mi-
crobial activity and such mediated decomposition of soil
organic matter (Herbert and Bertsch 1995). Organic plant
exudates can be divided into primary metabolites (sug-
ars, polysaccharides, and organic and amino acids) and
secondary metabolites (terpenes, phenolics, alkaloids,
etc.), enzymes (Wen et al. 2007a), defence substances
(Baetz and Martinoia 2014), proteins (Wen et al. 2007b),
and extracellular DNA (Wen et al. 2009). The most im-
portant chemical groups of root exudates are summarised
in Figure 1 (Vives-Peris et al. 2020).

Root exudation is frequently associated with the
mobilisation of soil nutrients based on the exudation of
low-molecular-weight organic acids (LMWOAs) into
the rhizosphere or with the exudation of chemicals sup-
porting rhizosphere symbiosis with soil microorganisms
or fungi and last but not least chemicals affecting soil
environment as a strategy of interspecific competition
(Bergmann et al. 2020; Canarini et al. 2019; Sanon et al.
2009; Vives-Peris et al. 2020). LMWOAs are a relative-
ly large group of compounds containing the carboxylic
group (-COOH) that has a maximum molecular weight
of 300 g/mol (Herbert and Bertsch 1995). Their character
and therefore the behaviour in the soil (environment) are
strongly affected by other functional parts of the mol-
ecule. LMWOASs can create chelates with nutrient/haz-
ardous elements (Adeleke et al. 2017; Jaklova Dytrtova
et al. 2012) and in this way can mobilise (dissolve) the
elements and potentially influence their bioavailability.
Consequently, also plant interactions with microorgan-
isms play a crucial role (Canarini et al. 2019; Sasse et al.
2018). Root exudation can be understood as a process that
drives organic metabolites to the root and ensures their
exudation to the soil. Once the exudate is in the apoplast,
its release into the soil environment is driven by diffu-
sion (controlled by the concentration gradient). It seems
that microorganisms play a role in the adjustment of the

concentration gradient. Microorganisms can consume
the plant exudates and thus maintain a high concentration
gradient (Figure 2. Illustration of the transport of organic
acids through the last plasma membrane (the apoplastic
transport) and its control by the concentration gradient).
In this manner, the diffusion would regulate the flux of
exudates into the soil. However, this mechanism works
only in the absence of any physical obstacle, which can
differentiate the distance from the meristem to the dif-
ferentiation zone (Somssich et al. 2016).
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Figure 1. Overview of the most important chemical groups
of root exudates (not scaled)

In particular, the smallest aliphatic molecules, whose
production and importance within the soil and plant are
indisputable (Jones 1998), have been mentioned above. In
this study, we focus on LMWOAs, which contain a ben-
zene ring in the molecule and at least one hydroxyl (-OH)
group (Fig. 3), that is, phenolic acids.

These compounds are probably mostly produced
by plant roots (as a secondary metabolite) and soil mi-
croorganisms, and they affect the regulation of root
growth (Strobel 2001). These structures are expected to
be effective antioxidants. Their OH groups make them
reactive, and the benzene ring allows the delocalisa-
tion of accepted free electrons, and consequently, free-
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electron radicals can be quenched. The LMWOAs with
the aromatic ring may differ in their effects on plants
and microorganisms. It appears that the plant is able to
adjust the activity of symbiotic microorganisms in this
way depending on the current conditions (e.g., drought)
and the nutrient needs of the plant (de Vries et al. 2019;
Oppenheimer-Shaanan et al. 2022).
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Figure 2. I1lustration of the transport of organic acids
through the last plasma membrane (the apoplastic transport)
and its control by the concentration gradient

Namely, salicylic acid plays a decisive role in the
mechanisms of tolerance against abiotic stress that con-
trols the main plant metabolic processes (Khan et al.
2015). In some deciduous trees, it increases tolerance to
salinity and hazardous elements by protecting membrane
integrity (Drzewiecka et al. 2019; Rao et al. 2019). Salicyl-
ic acid also participates in growth, development, photo-
synthesis, transpiration, ion uptake and transport (Vlot et
al. 2009); therefore, it is also classified as a phytohormone.

There is a very limited amount of information on
the precise action of LMWOAs with aromatic rings and
a hydroxyl group. From the chemical structure, a high
reactivity and antioxidant capacity can be estimated.

On the other hand, it was described (Jaklova Dytrtova
et al. 2018) that the presence of metal cations (copper,
iron and others) can change the antioxidant properties
of some compounds to pro-oxidant. In soils, copper and
iron are present in a wide range of concentrations and
forms. Therefore, some interactions can be expected.
It is disputable whether the high content of these LM-
WOAs with redox properties is advantageous for plants.
In the presence of copper or iron cations, they can de-
stroy root cell structures via the production of free radi-
cals in the Fenton (Haber-Weiss) reaction.

OH OH
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4-hydroxybenzoic acid salicylic acid

vanillic acid
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OH O
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Figure 3. Chemical structures of phenolic acids detected
and analysed in our study

For forest tree species, at least those that grow in
Europe, the information on phenolic acids is even less
than for crops. Therefore, we selected five species of de-
ciduous forest trees to focus on this issue from a Euro-
pean perspective. At lower elevations of European tem-
perate forests, English oak (Quercus robur) is typically
the dominant tree species, whereas the wild service tree
(Sorbus torminalis) is a representative of admixed (as-
sociated) trees in the species composition. At the mid
to higher elevations of European temperate forests, Eu-
ropean beech (Fagus sylvatica) is typically the domi-
nant or co-dominant species, and sycamore maple (Acer
pseudoplatanus) is mainly the admixed (associated) tree
in the species composition. In addition to the four native
European trees listed above, we also included the non-
native North American species black locust (Robinia
pseudoacacia) in our study. Back locust is considered
an invasive tree species in many countries in Europe and
elsewhere in the world (Richardson and Rejmanek 2011;
Vitkova et al. 2017), possibly (Bartha et al. 2008; Nasir
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etal. 2005) capable of allelopathically influencing neigh-
bouring trees in forest stands through its metabolites.

This study aimed to monitor the contents of select-
ed low-molecular-weight organic acids with potentially
redox properties in soil solution sampled from differ-
ent tree species (Robinia pseudoacacia, Quercus robur,
Sorbus torminalis, Fagus sylvatica and Acer pseudopla-
tanus). We expect that the phenolic compounds found in
the soil solution collected from Robinia pseudoacatia
will differ in their composition and concentration from
other cultivated species.

MATERIAL AND METHODS

Pot experiment

The trees were grown from seeds on the growth sub-
strate composed of fertilised peat, conifer bark compost
and trace elements in a greenhouse from March 10 (2021;
Prague, Czech Republic). On June 21, the seedlings were
transplanted in triplicates into 1 L pots and moved to the
vegetation hall (temperature equal to outdoors, i.e., in
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. A ,1-_'«_ s
| ; o

RN LAY

B A N .

= & & B ka6

temperate summer conditions, under controlled precipita-
tion and shading). In the vegetation hall, the control (soil
substrate without plants) was also installed in three repli-
cates. The trees were watered with demineralised water to
avoid increasing the number of minerals from the tap wa-
ter. The scheme of the experiment is depicted in Figure 4.

Selected pedochemical parameters of the growth
substrate are described in Tables 1-3. The pseudoto-
tal content of selected elements in the substrate was
determined after decomposition of the dried, ground
(<2 mm) and homogenised sample in Aqua regia heated
in a microwave-assisted wet digestion system Ethos 1
(MLS GmbH, Germany) for 33 min at 210 °C. For the
water-soluble and bioavailable fractions, the samples
were extracted in 1:10 mixtures with demineralised
water and appropriate CAT agent (0.01 mol/L CaCl,

Table 1. Active and exchangeable pH and electrical
conductance (k) of the substrate (1:10 (w/v); mean =+ st. dev.,
n=23)

273

pH(H,0) pH(KCI) K (mS/cm)

5.17+£0.00 4.65+0.00 0.955+0.005

W B W T g

Figure 4. Basic scheme of the experiment from each seed through all seedlings in small and experimental pots

(chronologically in the central row) to the soil solution
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Table 2. Total, bioavailable (CAT) and water-soluble fractions of selected elements in the substrate (mg/kg dry wt.; mean = st.

dev.,n=3)

Fraction K Ca Mg P Zn Fe Mn Cu
Total 2321448 9655+103 1748+42 87211 74.1£2.8 2089+25 462.5+8.6 6.03+0.21
CAT 1272+4 - 717+6 585+19 82.5+3.7 508+14 407.4+6.7 2.02+0.42
H,0 808+8 225+6 93+3 57245 0.952+0.007 | 6.14+0.00 7.1540.04 | 0.188+0.026

Table 3. Content of mineral nitrogen forms, total organic carbon (TOC)
and humic substances (HS), the degree of polymerisation (DP) and the
humification index (HI) of the dry substrate (mean = st. dev.; n = 3)

pseudoplatanus (AP), Quercus robur (QR),
Fagus sylvatica (FS), Sorbus torminalis (ST),
and control (soil substrate only). On Sep-

N-NH, N-NO, TOC HS DP HI tember 22 (at the end of the growing season
(mg/kg) | (mg/kg) (% C) (% C) |(HA:FA)| (HA:TOC) before the leaves began to senesce), the soil
1421.5+2.6 | 36.6+5.2 | 13.4+0.3 |6.14+0.03 [ 1.80£0.06 |  0.231 solutions were obtained from each pot (one

and 0.002 mol/L DTPA, according to EN 13651:2001
standard (Committee for European Standardization)),
respectively, for 1 hour and filtered. All these fractions
of selected elements were determined using optical
emission spectrometry with inductively coupled plasma
(Agilent 720, Agilent Technologies Inc., USA), and only
the fractions of potassium were (for higher precision)
determined using flame atomic absorption spectrometry
(Varian 280FS, Varian, Australia). The content of miner-
al nitrogen (ammonia and nitrate form) was determined
in the extract of 0.01 mol/L CaCl, using the method
based on Kjeldahl on VAPODEST 50s device (Gerhardt,
Germany), using Devarda’s alloy for N-NH, form. The
amount of oxidisable carbon was determined based on
its oxidation using potassium dichromate in an acidic
environment of sulphuric acid, followed by the determi-
nation of the amount of reduced Cr** spectrophotometri-
cally (Lambda 25 UV/Vis, PerkinElmer, USA). Humic
substances and their ratios were determined using the
methodology mentioned in Sedlar et al. (2023).

The substrate can be characterised as moderately
acidic with an adequate soil reaction to grow seedlings
of forest trees. The content of selected nutrients in the
substrate, namely, P, Ca and Mg, is also on an adequate
to a luxurious level. The content of potentially hazard-
ous Mn and Cu is low and that of Zn is at a well-accept-
able level (Kopinga and Van den Burg 1995; Landis et
al. 1989; Sramek et al. 2004).

Sampling and analysis of phenolic acids

The soil solution was sampled from the pots with
a growing seedling of Robinia pseudoacacia (RP), Acer

pot — one sample) after 24-hour saturation of
the substrate with deionised water to 100% water hold-
ing capacity, sucked off using a 0.22 um suction filter.
The soil solutions were immediately frozen at —20°C
and delivered for analysis. Exactly 5 mL of soil solu-
tion was lyophilised (Christ Beta 1-8 LOplus, Martin
Christ Gefriertrocknungsanlagen GmbH, Osterode am
Harz, Germany) and remained solid was dissolved in
500 pL of milli-Q water where the content of phenolic
compounds was analysed.

LCMS analysis of the exudates was performed on
Nexera X2 UHPLC (Shimadzu Handels GmbH) cou-
pled with an MS-8050 (Shimadzu Handels GmbH).
Chromatographic separation was performed on a UH-
PLC Acquity BEH C18 (50 x 2.1 mm; 1.7 um parti-
cle size) column (Waters Corp., Milford, MA, USA)
that was kept at 40 °C. The mobile phase consisted of
15 mmol/L formic acid in water, pH 3 (adjusted with
NH,OH) (component A) and acetonitrile (compo-
nent B). Totally, 32 analytes were separated using a bi-
nary gradient starting at 5% B for 0.7 min, 5-15% B for
the next 1.3 min, 15% B isocratic for 1 min, 15-30% B
for 1.5 min, 30% B isocratic for 1.5 min, 30-70% B for
next 1.5 min, 70-100% B for 0.1 min, 100% isocratic
for 0.5 min, back to 5% B within 0.1 min, and equilibra-
tion for 3.8 min. The flow rate was 0.4 mL/min, and the
injection volume was 2 pL.

All analytes were analysed in an electrospray nega-
tive ionisation mode (ESI') using a multiple reaction
monitoring (MRM) mode for their identification and
quantification (Jakl et al. 2021). Standard solutions of
32 target compounds (2,3-dihydroxybenzoic acid, 3-hy-
droxybenzoic acid, 4-hydroxybenzoic acid, 5-hydroxy-
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ferulic acid, apigenin, caffeic acid, catechin, chloro-
genic acid, chrysin, ferulic acid, galangin, gallic acid,
hesperidin, kaempferol, Iuteolin, methyl p-coumarate,
morin, myricetin, naringenin, naringin, p-coumaric
acid, pinocembrin, quercetin, quercitrin, rosmarinic
acid, rutin, salicylic acid, salicylic acid 2-O-f-D-
glucoside, sinapic acid, syringic acid, trans-cinnamic
acid and vanillic acid), purchased from Sigma-Aldrich
(Czech Republic), were firstly prepared in methanol at
1 mmol/L concentration. All solutions were gradually
diluted in the mobile phase to working concentrations
ranging from 0.01 to 50 pmol/L. Quantification was
performed by isotope diluting method with p-coumaric
acid-dg and salicylic acid-d, (Toronto Research Chemi-
cals, Canada) as internal standards.

Statistical analysis

The results of the analyses performed in three repli-
cates and two technical repeats were statistically pro-
cessed by one-way ANOVA (Tukey method), t-test, and
MANOVA using the statistical software TIBCO Statis-
tica (v.14; Statistica.pro) and by Pearson Product-Mo-
ment Correlation using SigmaPlot (v.12.5; Systat Soft-
ware Inc.). The differences were considered statistically
significant at P <0.05.

REesuLts

In detectable amounts (LOD ~ pmol/kg lyophilisate),
five phenolic acids were found: 4-hydroxybenzoic
acid, vanillic acid, syringic acid, p-coumaric acid and
salicylic acid (Fig. 5). The others (listed in the ex-
perimental section) have not been found in detectable
amounts.

Vanillic acid was found in the soil solution from its
highest content in the control, followed by (RP) > (AP)
= (QR) > (FS), (ST). The highest 4-hydroxybenzoic
acid content was also found in the control soil solution,
further followed by RP = AP > ST > FS = QR. The
content of syringic acid was similar in the control, RP
and FS followed by a very low content recorded in the
QR and ST treatments. Furthermore, the salicylic acid
content was highest in the control, further followed by
QR =RP > AP = ST > FS treatments. p-Coumaric acid
was highest in RP followed by AP = control > QR =
FS > ST.

DiscussioN

The low contents (mostly available or water-soluble) of
nutrients lead to increased plant exudation (Tato et al.
2021). However, the growth substrate was prepared to
have optimum chemistry that would prevent nutritional
and physiological stresses, as documented in Tables 1-3.
Therefore, in our experiment, the exudation stimulated
by low nutrition was not expected. Additionally, other
conditions (humidity, light and temperature) were set to
be optimal. The aim was to record the typical contents
of phenolic acid under each tree seedling. The number
of individual phenolic acids that were detected varied
from units (p-coumaric acid) to higher tens of pmol
(vanillic acid) in 1 mg of the lyophilised soil solution.
These findings reflect the no-stress situation for the one-
year-old seedlings — the baseline.

In the lyophilised soil solutions, only 4-hydroxy-
benzoic acid, vanillic acid, syringic acid, p-coumaric
acid and salicylic acid were found in detectable amounts.
In the control, the concentrations of vanillic acid, 4-hy-
droxybenzoic acid and salicylic acid were significantly
higher than those in the variants of the cultivated trees
(Tab. SIl). This finding supports the assumption that
nutrient stress-induced exudation was not expected due
to sufficient nutrient balance in the soil substrate.

Vanillic acid belongs to one of the curcumin me-
tabolites and is known for its antioxidant effect (Sharma
et al. 2022). Its content was the highest among the as-
sessed acids in all treatments, including the control. In
the control, the content also reached the highest value
among the compared treatments. In the soil solution
taken from the seedlings, its content was 3 times (RP)
to 15 times (ST) lower than that in the control. From
this point of view, it could be suggested that its occur-
rence was mainly caused by microbial activity related
to the degradation of biomass (lignin as a part of the
substrate). Therefore, it is expected that vanillic acid
created from biomass decomposition can be in the pots
with tree seedlings converted (and spread) to a variety
of C4 dicarboxylic acids, such as succinic, malic, maleic
and fumaric acid, whose individual concentrations were
below our detection limit (Vega-Aguilar et al. 2020).

4-Hydroxybenzoic acid is a phenolic derivative of
benzoic acid with a potential antioxidant (anti-inflam-
matory) effect (Taofiq et al. 2017). It is slightly soluble
in water and more soluble in polar organic solvents. Its
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Figure 5. Content of selected phenolic acids in the soil solution of focused trees (n = 3, mean =+ st. dev.)
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isomer (2-hydroxybenzoic acid) is known as salicylic
acid. Salicylic acid is known for its protective antifun-
gal/anti-inflammatory effect (Bi et al. 2022). Both acids
occurred in the studied soil solutions in a similar ratio.
The 4-hydroxybenzoic acid content was roughly twice
as high as salicylic acid, and this is the case for vari-
ants except for QR. Research results (Pizzeghello et al.
2006) have confirmed the positive effect of this acid on
root growth. Its presence in the soil solution of beech
(FS) seedlings was significantly lower compared to the
others (Tab. SI1). Beech belongs to slow-growing trees
and its roots develop more slowly. It is therefore possible
to infer a lower support for their growth due to a lower
production of this acid by symbiotic microorganisms.

p-Coumaric acid is known to have a strong anti-
oxidant effect (Kannan et al. 2013). It is well known
to suppress Fusarium oxysporum (Were et al. 2022). It
also seems that this phenolic compound is produced in
the case of elevated oxidative stress. p-Coumaric acid is
also exuded concerning higher content of copper (Acha-
ry et al. 2012) or other metals. The highest content of
p-coumaric acid was detected in the soil solution sam-
pled from RP. Its concentration is several times higher
than that in the control and other trees (3x on average).
p-Coumaric acid is reported in the literature as a sub-
stance with allelopathic effects on plants (Blum 1996;
Han Kyaw et al. 2022; Lima et al. 2013). Therefore, we
suggest that p-coumaric acid may play a role in the in-
fluence of the soil environment and may be related to
the reported ability of RP to suppress its competitors.
In an older publication (Inderjit and Mallik 1997), p-
coumaric acid was shown to reduce soil organic matter
and increase microbial activity. RP is a leguminous tree
known to be capable of using symbiotic microorgan-
isms (Rhizobium) to fix atmospheric nitrogen and alter
the soil to increase mineral nitrogen forms and thus
promote its growth (Medina-Villar et al. 2016). From
this, it would be possible to conclude that this phenolic
substance is purposefully produced to support symbi-
otic bacteria and also to mediate the release of nutrients
from the soil. However, the data to support these hy-
potheses are non-significant; therefore, further research
is needed.

Syringic acid is known to have antioxidant, antimi-
crobial and anti-inflammatory properties (Cheemana-
palli et al. 2018). It can be found as a significant part of
the phenolic exudates of tree species (Bi et al. 2022). In

addition, the presence of syringic acid in the substrate
indicates the presence of S-lignin (Zhao et al. 2022). Fur-
thermore, syringic acid is demethylated to 3-O-methyl
gallic acid, which is transformed into 2-pyranone-4,6-
dicarboxylic acid and further converted to acetyl-CoA
(Kasai et al. 2007). In the end, it enters the Krebs cycle
and is metabolised into CO, and H,O. The highest con-
tent of syringic acid (approx. 10 pmol/mg) can be found
in the control, RP and AP soil solution. Therefore, it
seems that its presence might refer to lignin degradation
as well as to intense exudation by RP and AP. Its pres-
ence in the FA soil solution is twice as and in ST and QR
ten times lower than in the control/RP/AP. From this
result, it seems that the content of syringic acid refers to
the species and may be species-specific.

Statistical analysis shows (Tab. SI2) that some of
these organic acids are interdependent regardless of the
tree species. Strong positive correlations between the
acids were found:

4-hydroxybenzoic vs. vanillic acid (0.842) and
4-hydroxybenzoic vs. syringic acid (0.783), indicating
a significant relationship where both variables increase
together. Even a very strong positive correlation be-
tween vanillic and salicylic acid (0.881) was observed,
indicating a very close linear relationship with high de-
pendency. This fundamental finding of the closed mod-
el system implies that to fingerprint individual trees,
mainly the concentrations and ratios of 4-hydroxyben-
zoic vs. p-coumaric acid and syringic vs. p-coumaric
acid need to be jointly assessed. When our measured
values of acid concentrations from all species are statis-
tically compared (MANOVA), they are highly signifi-
cantly different among the tree species (Tab. SI3). The
determined amounts of phenolic substances represent
their total amount in the soil solution. It is very difficult
to distinguish the origin of these exudates; it is not pos-
sible to determine which part is formed by microbial
exudation, which by decomposition of organic matter,
and which is the origin of seedling root exudation. Un-
fortunately, even the introduction of the control vari-
ant (i.e., the soil without plants) will not help to resolve
what proportion of the given exudate is of plant origin.
It is known (Siqueira et al. 1991) that (as in our control
variant increased) 4-hydroxybenzoic acid and vanillic
acid (and many others) can originate in soil from lignin
degradation, and salicylic acid derivatives (and many
others) can originate from the activity of soil fungi. In
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other cases, the abundance is the result of interactions
between soil microorganisms and the plants, which in-
fluence the degradation of soil organic matter in their
specific way. Increased exudation is known to increase
the rate of decomposition of organic matter by enhanc-
ing its microbial access, thereby causing net carbon loss
(Keiluweit et al. 2015). As a result of the transformation

Control (soil only)

L
v

Acer pseudoplatanus

65.52%

Quercus robur

of soil organic matter into stable cyclic carbonaceous
substances, part of the original carbonaceous substanc-
es is transformed into CO,, and thus, the soil is depleted
of carbon (Liang et al. 2023). From this point of view,
a higher amount of exudates found in the soil solution
should correspond to an overall lower organic carbon
content.

Robinia pseudoacacia

S~ 5-“%

Fagus sylvatica

0.53% 0.07%

//,
i

4-Hydroxybenzoic acid
Vanillic acid

Syringic acid
p-Coumaric acid
Salicylic acid

Nothing

Figure 6. Relative content of phenolic acids detected in the soil solution of each tree compared to their sum in the control

(100%)
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As for the distribution of root exudates within the
entire rhizosphere, it can be said that it is non-homo-
geneous. In studies dealing with a more detailed de-
scription of exudation and mechanisms in a particular
system, this distribution needs to be precisely mapped
and/or mathematically modelled (Luster et al. 2009).
Various rhizobox designs (with the ability to separate
soil at different distances from the roots) are used for
these purposes, and a controlled carbon dioxide isotope
atmosphere is used to determine fluxes, with the soil
subsequently determined for molecules containing iso-
topic carbon. It appears that as the distance from the
roots increases in the order of millimetres, the amount
of exudates decreases rapidly and follows the laws
of diffusion (Kuzyakov et al. 2003). However, in our
study, we focused on the fingerprint of exudates pre-
sent in the (bulk) soil solution, which can be a read-
ily available parameter in classifying different tree
species and their exudative impact. These fingerprints
are based on the proportions of the individual phenolic
substances found.

Based on the results (Fig. 6), it can be assumed that
RP creates an environment for a higher concentration of
phenolic acids in the substrate than the other species. In
the soil solution from RP, vanillic and p-coumaric acid
were present in significantly higher concentrations than
from all other tested tree species. As well as 4-hydroxy-
benzoic acid in the soil solution from RP is present in
a significantly higher concentration than that from ST,
FS and QR. Syringic acid is also higher in the soil solu-
tion from RP than that from ST, FS and QR. In contrast,
the presence of salicylic acid in the soil solution of RP is
on a level similar to that of QR, ST and AP.

Overall, the total abundance of individual exudates
depends on the specific interplay between the microor-
ganisms and the plant; the microbial populations present
in the soil are very important. If there is a high multipli-
cation of root bacteria, there could be a significant in-
crease in the exudation of several phenolic compounds
that were not detected in our case. This phenomenon of
microbial initiation has been observed, for example, in
the rhizosphere of Cupressus after rapid bacterial inoc-
ulation (Oppenheimer-Shaanan et al. 2022). By expos-
ing plants to abiotic stress (drought), the pattern of exu-
dates can change fundamentally, as well as depending
on the specific bacterial (pathogen) population. We did
not change the representation of individual strains, and

we assumed that the horticultural substrate used was
homogeneous enough to ensure the same input condi-
tions for all variants.

In this study, a targeted analysis of 32 compounds
in soil solution samples was performed, but only six of
them were present in detectable amounts. It was also
surprising that all these phenolic substances were pre-
sent in both, the control and in all variants with seed-
lings, as we expected the interspecific variation in the
representation of individual exudates to be higher.
There are several explanations for this phenomenon
besides the targeted strategies of plants to control the
activity of microorganisms. First, increased exudation
is commonly associated with the acceleration of soil or-
ganic matter depletion (Zwetsloot et al. 2018). Once the
organomineral complex has decomposed (over a longer
period), the nutrient acceptability increases and energy-
intensive exudation is no longer needed. Due to the fact
that the substrate we used contained a high proportion
of peat and stabilised humus, no significant loss of or-
ganic matter was observed in the containers over a pe-
riod of 4 months. However, soil mineralisation clearly
occurs more in the long term in temperate deciduous
trees than that in conifers (Maly et al. 2014). Second,
the already mentioned priming effect (Keiluweit et al.
2015) can promote microbial activity to such an ex-
tent that palatable low-molecular-weight organic mat-
ter is rapidly degraded via biotic pathways (Kumar et
al. 2024). Furthermore, the loss of carbon from the soil
depends very strongly on the climate (temperature and
humidity conditions) which also a key role in the repre-
sentation and quantity of individual exudates (de Vries
et al. 2019).

Primarily, we expected that the exudates of the
phenolic compounds found in the soil solution collected
from Robinia pseudoacacia would differ both in the
representation of the phenolic compounds and in their
concentrations from the other soil solutions collected
from the other tested tree species. Only half of the
hypothesis was confirmed. Five of the same phenolic
compounds were found in all soil solutions tested (start-
ing with the control variant through all tree species).
However, differences in concentrations were found be-
tween the different woody species, with the soil solution
from Robinia differing significantly from the others, as
evident from both the phenolic compound fingerprints
(Fig. 6) and the statistical analysis.

Folia Forestalia Polonica, Series A - Forestry, 2024, Vol. 66 (3), 270-284

279



280

Michal Jakl, Ivan Kunes, Sanja Cavar Zeljkovi¢, Petr Tarkowski, Jana Jaklovd Dytrtovd

CONCLUSIONS

The purpose of the study was to find out whether in-
dividual six-month-old seedlings of five different tree
species (Robinia pseudoacacia, Quercus robur, Sorbus
torminalis, Fagus sylvatica and Acer pseudoplatanus)
would differ in the content of phenolic low-molecular-
weight organic acids in the soil solution. Among the
acids above the detection limit (vanillic, 4-benzoic, sy-
ringic, p-coumaric and salicylic), vanillic acid had the
highest concentration of all. As for the treatment com-
parison, the highest content of vanillic, 4-hydroxyben-
zoic and salicylic acids was found in the control (soil
substrate without seedlings). However, at least some
portion of vanillic acid is related to the degradation of
biomass (e.g., wood chips) contained in the soil sub-
strate. The presence of these substances in the control
variant therefore refers to microbial degradation pro-
cesses. The highest content of p-coumaric acid was
found in Robinia pseudoacacia.

Differences in the contents of phenolic acids in the
tree seedling soil solutions after half a year of growth
were expressed as fingerprints. Soil solutions from
Sorbus torminalis, followed by Fagus sylvatica and
Quercus robur, show their relatively low content in our
list of tested trees. In the soil solution from Acer pseu-
doplatanus, more phenolic acids than those from the
aforementioned trees were found. On the contrary, the
soil solution sampled from Robinia pseudoacacia con-
tained their highest content among the tested trees. This
may correspond to the fact that it is a resistant species
capable of surviving in soils poor in available nutrients.
Additionally, it may contribute to the fact that Robinia
pseudoacatia tends to reduce the species diversity of
both the undergrowth and intermingled tree species.
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SUPPORTING INFORMATION

Table SI.1. Tukey’s HSD test for 4-hydroxybenzoic acid among tree species indicating
whether the values are statistically different at the significance level of o < 0.05

Group | | Group2 | p-value | Reject | Group 1 | Group2 | p-value Reject
1 2 3 4 5 6 7 8
4-hydroxybenzoic acid p-coumaric acid
AP FS 0.0000 true AP FS 0.3396 false
aP QR 0.0000 true AP QR 0.6966 false
aP RP 0.7967 false AP RP 0.0002 true
aP ST 0.0001 true AP ST 0.0331 true
aP control 0.0000 true AP control 0.9609 false
S QR 1.0000 false FS QR 0.9827 false
fS RP 0.0000 true FS RP 0.0000 true
fS ST 0.1973 false FS ST 0.6792 false
fS control 0.0000 true FS control 0.7731 false
qR RP 0.0000 true QR RP 0.0000 true
qR ST 0.2274 false QR ST 0.3260 false
qR control 0.0000 true QR control 0.9845 false
rP ST 0.0000 true RP ST 0.0000 true
P control 0.0003 true RP control 0.0001 true
sT control 0.0000 true ST control 0.1253 false
vanillic acid Salicylic acid

AP FS 0.0749 false AP FS 0.1614 false
aP QR 1.0000 false AP QR 0.2248 false
aP RP 0.0005 true AP RP 0.6738 false
aP ST 0.0000 true AP ST 0.9833 false
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1 2 3 4 5 6 7 8
aP control 0.0000 true AP control 0.0001 true
fS QR 0.0951 false FS QR 0.0030 true
fS RP 0.0000 true FS RP 0.0136 true
fS ST 0.0024 true FS ST 0.4073 false
fS control 0.0000 true FS control 0.0000 true
qR RP 0.0004 true QR RP 0.9335 false
qR ST 0.0000 true QR ST 0.0800 false
qR control 0.0000 true QR control 0.0021 true
P ST 0.0000 true RP ST 0.3240 false
P control 0.0000 true RP control 0.0005 true
sT control 0.0000 true ST control 0.0000 true
Syringic acid

AP FS 0.0069 true

AP QR 0.0001 true

AP RP 0.9997 false

AP ST 0.0000 true

AP control 0.9031 false

FS QR 0.0509 false

FS RP 0.0110 true

FS ST 0.0251 true

FS control 0.0384 true

QR RP 0.0001 true

QR ST 0.9979 false

QR control 0.0002 true

RP ST 0.0000 true

RP control 0.9727 false

ST control 0.0001 true

AP — Acer pseudoplatanus; FS — Fagus sylvatica; QR — Quercus robur; RP — Robinia
pseudoacacia; ST — Sorbus torminalis.

Table SI.2. Pearson product-moment correlation coefficients among the organic

acids
HBA VA SyA pCA SaA
HBA 0.842" 0.783" 0.421 0.702"
VA 0.539 0.238 0.881™
SyA 0.595 0.284
pCA 0.199

* indicates strong positive correlation, ** indicates very strong positive correlation;

HBA — 4-hydroxybenzoic acid, VA — vanillic acid, SyA — syringic acid, pCA — p-coumaric
acid, SaA — salicylic acid

Table SI3. MANOVA analysis of the differences in acid contents among the

tree species

Effect of Subject Value Num DF | Den DF F Value Pr>F
Wilks’ lambda 0.00 25.00 31.22 45.71 0.000
Pillai’s trace 4.05 25.00 60.00 10.22 0.000
Hotelling-Lawley trace 248.27 25.00 12.13 71.35 0.000
Roy’s greatest root 188.40 5.00 12.00 452.17 0.000

Folia Forestalia Polonica, Series A - Forestry, 2024, Vol. 66 (3), 270-284






