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Acid phosphomonoesterase activity as affected by 
salicylic acid and its relation to selected biochemical 
characteristics in soils of Norway spruce stands
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ABSTRACT: The main aim of the study was to determine extracellular acid phosphomonoesterase activity in soil 
with and without addition of salicylic acid. Some other important chemical and physical features of soil were also 
investigated including the content and seasonal dynamics of bioavailable phosphorus and water soluble carbohydrate 
contents. Soil samples were collected at a depth of 5 cm (H horizon) at the Rájec-Němčice Ecosystem Station (south-
ern Moravia, Czech Republic) in three differently managed Norway spruce pure stands. No correlation was found 
between the acid phosphomonoesterase activity and phosphorus content. The addition of salicylic acid reduced the 
acid phosphomonoesterase activity compared to soil without any substrate added. 
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Phytotoxicity, autotoxicity, general toxicity or 
antimicrobiality of substances entering soils natu-
rally as a part of root exudates or as a result of 
decomposition processes certainly affect also the 
activity of soil enzymes. Phosphomonoesterases 
(PME) are important enzymes that are closely re-
lated to the phosphorus (P) cycle in the nature. 
Phosphorus that occurs in plant tissues in inor-
ganic phosphate form is a significant controlling 
agent in photosynthesis and metabolism of carbo-
hydrates. Phosphomonoesterases may have an im-
portant role due to phosphorus supply, especially 
in terrestrial ecosystems (Rejšek 1991; Garcia-
Ruiz et al. 2000). The absence of phosphorus 
(Nieminen, Penttilas 2004) often stimulates 
the release of extracellular phosphomonoester-
ase from plant roots, fungi and other microor-
ganisms (Šarapatka 2003). The enzymes such 
as phosphomonoesterases are able to hydrolyze 
phosphorus in its organic form to other forms, 
easily available to plants. The activity of phos-
phomonoesterases can be a very good biological 

or pollution indicator (Grierson Adams 2000;  
Holišová 2008; Rejšek et al. 2012). These en-
zymes often occur as linked to dormant cells, in 
unbroken dead cells or in their fragments. We can 
identify them as a part of soil aggregates held by 
physical or chemical forces.

In forest soils, carbohydrates are amongst the 
more rapidly degraded compounds of plant lit-
ter (Traversa et al. 2008). Vranová et al. (2013) 
reviewed comprehensively the sources, roles and 
the importance of soil carbohydrates. Considering 
carbohydrates in forest soils, Ussiri and Johnson 
(2003), Stevenson et al. (2004), Allard (2006) 
and Ring et al. (2015) provided data on the speci-
ficity of the environment, Zhang et al. (1999) and 
Jolivet et al. (2006) reported on carbohydrates 
and afforestation after clear-cutting; distinctive 
features of carbohydrate fractions in Norway 
spruce stands were pointed out by Rosenberg et 
al. (2003). Ball et al. (1996) demonstrated the ef-
fects of ecosystem management on carbohydrate 
quantity, quality and distribution in soils, and Ro-
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vira and Vallejo (2002) as well as Bending et 
al. (2004) described carbohydrates as biochemical 
indicators of soil organic matter quality. 

The possible phytotoxicity of salicylic acid (2-hy-
droxybenzoic acid) has been a phenomenon stud-
ied for a long time (Popova et al. 1997; Mauch et 
al. 2001). It enters the soil either via plant root ex-
udates (Asao et al. 2003) or as a product of dead 
organic matter decomposition (Vranová et al. 
2013). In soil, salicylic acid is a part of humic com-
pounds (Cardoza et al. 2004). Salicylic acid then 
affects decomposition processes in soil as well as 
growth and development of plants. It is a known 
fact that the activity of this acid is specifically con-
ditioned by its sorption to soil colloids; generally 
speaking, it depends on forest type, soil type, soil 
characteristic and soil depth. Salicylic acid plays 
a role in the regulation of plant oxidative stress 
(Radwan 2012) and thus also in the induction 
of plant defence mechanisms. If a plant is threat-
ened by a pathogen or affected by a disease, sali-
cylic acid will help it to resist the infection. The 
plant starts to accumulate salicylic acid to stop the 
infection (Guo et al. 2009; Delaney 2010). The 
acid is also important to balance osmotic and salt 
stress (Eraslan et al. 2007).  

The cultivation of spruce in monocultures is as-
sociated with decreasing increment and site re-
generation, caused, among other things, by the 
input of phytotoxic substances into soil. Spruce is 
a potential producer of a number of phytotoxic, 
toxic and antimicrobial substances including ami-
no acids, phytohormones and terpenes as well as 
phytotoxic proteins and dipeptides. Produced by 
shallow-rooted Norway spruce, the effect of ex-
uded salicylic acid can be studied in the surface 
H-horizons. Autotoxicity and phytotoxicity of 
soil cause slow regeneration of forest sites as the 
phytotoxic substances in soil induce imbalances 
in tree nutrition, growth inhibition and altera-
tion of metabolic pathways. Phytotoxically active 
hormones in soil and surface humus obstruct seed 
germination and growth of young plants including 
the formation of mycorrhizal symbioses. 

Firstly, the paper is aimed at characterization 
of differences between the PME activities of the 
tested forest stands and presentation of the re-
lations to both water soluble carbohydrates and 
bioavailable phosphorus content. Secondly, the 
authors focused on the seasonal dynamics of both 
PME and bioavailable phosphorus contents and, 
thirdly, the interrelationships between the PME 
activities and the forest soils affected by the addi-
tion of salicylic acid when the interactions of sali-

cylic acid and PME were analysed in an organic 
horizon. For such goals, several hypotheses were 
tested. Firstly, the authors tested a negative corre-
lation between the PME activity and bioavailable 
phosphorus content. Secondly, the authors tested 
a negative correlation between the addition of sal-
icylic acid and the PME activity when the enzyme 
activities relate to forest management practices 
and forest stand age. 

MATERIAL AND METHODS

Study site. Research was conducted at the 
Rájec-Němčice Ecosystem Station, situated near 
Němčice (about 3 km north), the Czech Republic 
(49°26'31''N, 16°41'30''E), with H horizon thick-
ness of about 6 cm. From the viewpoint of tim-
ber production and richness the site is acidic, af-
fected by Norway spruce monocultures. Typical 
of this environment is the fir-beech forest altitu-
dinal zone (5th FAZ) with forest site 5S1 [Abieto-
Fagetum mesotrophicum with Oxalis acetosella 
(4AB3 – Fageta quercino abietina, the alliance 
Luzulo-Fagion, the association Luzulo-Fagetum)] 
situated at an altitude of 600–660 m a.s.l. The 
average annual temperature in 2007–2009 was 
9.24°C and annual precipitation reached 717 mm 
(Menšík 2007, 2009). The study plots were estab-
lished in 1968 by the Institute of Forest Ecology, 
Mendel University in Brno, in the framework of 
the UNESCO International Biological Program 
(IBP) and the UNESCO program “Man and the 
Biosphere” (MAB) (Fabiánek et al. 2009). The 
experiment covers three plots with different silvi-
cultural management. Three pure Norway spruce 
stands with different silvicultural management 
(Rosík et al. 2013) were selected: 108-years-old 
mature stand (MSS), 36-years-old stand thinned 
from above (STFA) and 36-years-old stand 
thinned from below (STFB). The major soil type 
is classified as Dystric Cambisol (IUSS Working 
Group WRB 2006), Eumoder humus form (AFES 
1998), on the felsic granodiorite where pH/H2O in 
A-horizon is 3.8–4, and pH/H2O in O horizon is 
3.8 (Menšík 2010).

Sampling and biochemical analyses. Analyses 
were focused on enzymatic activity in H horizon 
and finding a relationship between enzymatic ac-
tivity, bioavailable P content according to Egnér 
et al. (1960), and amount of water soluble car-
bohydrates. Measurements were carried out at 
monthly intervals for six months over the grow-
ing season May–October 2013. From each of the 
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selected plots, three subsamples were randomly 
collected and homogenized into one. In total, 
nine (homogenized) samples were collected for 
this purpose, three from each study plot. For de-
tection of the acid PME activity, fresh soil was 
incubated in succinate-borate buffer, pH 4.8 with 
p-nitrophenyl phosphate as (p-NPP) a substrate. 
The sample was placed into a 100-ml Erlenmeyer 
flask and 12 ml of the p-NPP solution was added. 
The reaction mixture was shaken and kept at 37°C 
for 1 hour. The absorbance was set to 410 nm.  
The activity of acid PME was calculated per 1 g 
of dry soil. The analysis of PME activity after ad-
dition of salicylic acid was performed in the same 
way, however, with addition of 1 mg salicylic acid 
before incubation. For detection of water soluble 
carbohydrates, fresh soil with demineralized water 
was shaken for 20 min until the soil solution was 
obtained. After that, the samples were incubated at 
room temperature for 10 min with 4 ml anthrone 
reagent and with absorbance set to 625 nm. 

Statistical data analysis. Several data analyses 
were performed in order to determine the relations 
between the measured parameters. Our presump-
tion was that we will be able to confirm a correla-
tion between them. Statistical data processing was 
done by R statistical software and STATISTICA 11 
(SPSS, Tulsa, USA). 

RESULTS AND DISCUSSION

The bar graph (Fig. 1) shows the dynamics of 
acid PME activity in soil samples without added 
salicylic acid throughout the whole vegetation 
season. The highest activity was measured in 
samples collected during June and October. Fig. 1 
is based on ANOVA for all cumulative differences 
in all three stands between individual months and 
the presented mean values demonstrate the sta-

tistically significant differences (the highest PME 
activity determined in June) only for two cases:  
(i) between June and May, and (ii) between June 
and September. The overall lower values were 
measured in STFB. Noticeably higher PME activ-
ity was observed in spring and autumn. The ab-
sence of correlation between PME activity and 
phosphorus content is demonstrated by the phos-
phorus regression line.

Fig. 2 shows progression in the case of soil with 
added salicylic acid. We can see the lowest PME 
activity on all study plots in June. Generally, the 
largest difference between the measured values 
was recorded in July, when the mature stand had 
twice higher PME activity compared to the young 
stand thinned from below. With statistical signifi-
cance and regardless of the type of thinning and 
stand age, June and August reached the lowest re-
action on all study plots. Extracellular acid phos-
phomonoesterase showed the highest activity in 

Table 1. Pearson correlation test – monthly progression 2013

 
MSS STFA STFB

PME vs. P PME vs. CH PME vs. DM PME vs.P PME vs. CH PME vs. DM PME vs. P PME vs. CH PME vs. DM
May NA –0.5448 –0.7462 NA 0.2160 0.8707 NA –0.2551 0.8511
Jun –0.9563 0.9151 –0.9965 0.8414 0.2799 –0.9039 0.7222 –0.3698 –0.5690
Jul 0.7356 0.3564 –0.5643 –0.3121 –0.9748 0.4246 0.9548 0.2113 0.8099
Aug 0.5940 –0.0551 –0.2290 0.7751 0.6164 –0.9959 0.9820 –0.0908 –0.3400
Sep NA 0.2450 –0.8979 NA –0.8606 0.0607 NA 0.9473 –0.9379
Oct –0.2010 0.9606 –0.3416 –0.1038 –0.8166 0.3338 –0.4312 –0.2489 0.9217
GS –0.7411 0.1933 –0.5873 0.0523 –0.0228 –0.2632 –0.2658 0.0296 –0.4658

MSS – 108-years-old mature stand, STFA – 36-years-old stand thinned from above, PME – acid phosphomonoesterase,  
NA – data not available, CH – carbohydrates, DM – dry mass, STFB – 36-years-old stand thinned from below, GS – growing season

Fig 1. Comparison of the PME mean value without salicylic 
acid addition and regression line of phosphorus in indi-
vidual stands during the vegetation season

Seasonal dynamics of phosphorus and PME in N. spruce 
stand without salicylic acid addition
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all three stands during October.  The total effect 
of salicylic acid addition was that it reduced PME 
activity (Figs 1 and 2) and induced its greater fluc-
tuations during the vegetation season compared 
to the experiment without any added substrate. A 
phosphorus linear model (Figs 1 and 2) shows an 
increasing trend, but there is no statistically sig-
nificant correlation between P forms and phospho-
monoesterase (Table 1). 

Fig. 3 demonstrates that the addition of salicylic 
acid significantly decreases the PME activity, based 
on a comparison of the data obtained from the 
three study plots tested. According to ANOVA per-
formed with pooled data from all three study plots 
and all months included, there is a statistically sig-
nificant difference in the PME activity between the 
soil without added salicylic acid and the soil with 
salicylic acid addition (Fig. 3).  

Table 1 shows the individual parameters in re-
lation to acid PME and development during the 
growing season 2013 (from May to October), 
where the last line expresses the correlation for 
which the data for the whole growing season were 
pooled. Based on the annual summary, the cor-
relation between the studied parameters has not 
been proven. 

Experiments were situated in Norway spruce 
monocultures with different age and type of man-
agement. Based on the data from all the study 
plots for the entire length of the vegetation peri-
od, both thinned young stands manifested higher 
PME activity than the mature stand. It seems that 
the values correlate the most in June in the MSS. 

Table 2 compares the mean values, standard de-
viations and standard errors in all three Norway 
spruce stands: the PME activity is compared with 
each of the other measured parameters.

As regards the phytotoxic effect of salicylic acid, 
it has been confirmed that it shows statistically 
significant seasonal dynamics with the lowest val-
ues measured in June. There are no statistically de-
tectable differences between three Norway spruce 
stands in the content of bioavailable phosphorus 
in their soils tested. In the case of carbohydrates, 
the differences were statistically detectable only 
in July and September. The addition of phytotoxic 
substance had a higher (statistically non-signifi-
cant) effect on PME activity in the mature stand; 
the strongest effect of salicylic acid was observed 

Fig. 2. Comparison of the PME mean value with added sali-
cylic acid and regression line of phosphorus in individual 
stands during the vegetation season

Fig. 3 ANOVA – statistical significance of the effect of 
salicylic acid addition on PME activity (pooled data from 
all three study plots and all months included)

Table 2. Standard error and standard deviation of meas-
ured parameters in Norway spruce stands during 2013

PME Phosphorus Carbohydrates Dry mass
MSS
Mean 381.2324 59.8658 242.1617 0.5338
SD 123.0225 18.9094 71.3550 0.1245
SE 28.9967 5.4587 16.8185 0.0293

STFA
Mean 346.4079 51.1460 275.9380 0.5721
SD 74.9915 33.1708 72.6097 0.1035
SE 17.6757 9.5756 17.1143 0.0244

STFB
Mean 325.2815 107.7585 288.1192 0.5679
SD 93.5482 97.0166 71.4874 0.1007
SE 22.0495 28.0063 16.8498 0.0237

MSS – 108-years-old mature stand, STFA – 36-years-old 
stand thinned from above, STFB – 36-years-old stand thinned 
from below, SD – standard deviation, SE – standard error

Seasonal dynamics of phosphorus and PME in N. spruce 
stand with salicylic acid addition
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in all three stands in July and September. The phy-
totoxic effect of salicylic acid on PME in the ma-
ture stand was statistically non-significantly lower 
compared to the young stands. Fig. 2 proves that 
both young stands showed the lower PME activity. 
The addition of salicylic acid is always reflected in 
a decrease of PME activity; however, the obtained 
results did not confirm a statistically significant 
trend of this relation.  

Most of the studies focused on enzymatic activ-
ity were conducted in top horizons, because of the 
high microbial biomass concentration (Herold et 
al. 2013). The presented results show a compari-
son between the basal PME and its change after 
salicylic acid addition, and proved a negative ef-
fect of the salicylic acid addition on the enzymatic 
activity. This acid is able to inhibit some enzymatic 
activity (Chen et al. 2003). Sahu et al. (2010) dis-
covered that a low concentration of salicylic acid 
stimulates phosphate uptake by plants. Organic 
acids act as desorbents of acid phosphomonoes-
terase (Zhang et al. 2003) from mineral colloids.  

Kunito et al. (2012) were concerned with both 
PME activity and interrelationships between PME 
activity and soil microorganisms. They demon-
strated that PME generally shows higher activity 
at low pH (4.0–5.0). In our study, with the soil 
pH of 6.5, no significant correlation was found 
between enzymatic activity and bioavailable P 
content. Kunito et al. (2012) also observed that 
phosphorus limitation in microorganisms leads to 
high phosphomonoesterase activity in acid forest 
soils. Keefer (2000) stated that optimum P avail-
ability for Norway spruce is at pH between 5.0 and 
6.0. Our results demonstrate that more acid forest 
soils have a lower optimum pH and higher activity 
of phosphomonoesterase. 

Salicylic acid decreases enzymatic activity 
(Wang et al. 2009). The monthly oscillation was 
proved by Criquet et al. (2004). The obtained 
results have shown a similar character of the sea-
sonal dynamics of PME activity. From the bio-
logical point of view, it is possible to compare the 
soil under mature and young stands. Silvicultural 
treatments may affect the quantitative parameters 
of soil biological activity but not directly its quali-
tative parameters (Kočvarová 2014).

CONCLUSIONS

The seasonal dynamics of phosphorus content 
and PME activity in spruce monocultures differ-
ing in age and type of thinning were determined 

at monthly intervals. Salicylic acid, as the added 
substance, displays a verifiable effect on the rate 
of enzymatic activity. This effect is negative – for 
all the study plots, this study confirmed signifi-
cant differences in PME activity with the addition 
of salicylic acid during the vegetation season. The 
linear curve of phosphorus content shows a rising 
trend but no correlation with the PME activity has 
been proved. There was neither evidence nor any 
statistically significant correlation between the 
activity of PME and both water soluble carbohy-
drates and bioavailable phosphorus content. 
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