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Abstract. The aim of the research was to compare the effects of four quaternary ammonium salts
(QAS) with the iodine anion — tetramethylammonium iodine [TMA][I], tetraethylammonium
iodine [TEA][I], tetrapropylammonium iodine [TEA][I], tetrabutylammonium iodine [TBA][I] —
on the activity of dehydrogenases in soil. The experiment was performed on sandy clay loam
samples with organic carbon content of 33.82 g-kg™!, and pH 7.13 in 1 M KCI1. QAS were added
to soil at the dosages: 0, 10, 100, and 1,000 mg-kg™!. Activity of dehydrogenases was assayed on
days: 1, 14, 35, and 70. The obtained results have shown that the treatment of soil with quaternary
ammonium salts along with the iodine anion caused decrease in the activity of dehydrogenases.
This inhibition increased with the increase of QAS dosages and increase with alkyl chains in cat-
ions. Analysis of variance n?indicatedthat the type of QAS had the biggest impact on formation of
the activity of dehydrogenases in soil.
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INTRODUCTION

Due to many useful properties, quaternary ammonium salts (QAS) are
increasingly used in industries (Telesinski et al. 2016). In terms of chemical
structure, these substances belong to ionic compounds that contain four organic
groups linked to the nitrogen atoms in the molecule (Pernak et al. 2006). Nat-
urally, there are more than 100 known metabolites that are quaternary ammo-
nium salts. These metabolites occur in a wide range of species, from bacteria
through algae, fungi, plants, and invertebrates to vertebrates, and they perform
various functions in the organisms. The organisms synthesize these substances
for a better adaptation to the environmental conditions, such as salinity or sud-
den temperature changes (Obtgk and Gamian 2010). However, synthetic qua-
ternary ammonium salts have been known for a long time; QAS are recognized
for their supremely desirable froth like, moisturizing, emulsifying, surfactant,
anti-electrostatic, preserving, algicide, antifungal, and bactericidal properties,
which resulted in the worldwide QAS production of one million tons at the end
of the 20" century (Biczak et al. 2016). The variety of applications of quater-
nary ammonium salts leads to a high possibility of their transfer into the soil
environment either directly or indirectly together with domestic and industrial
waste water or rainwater (Telesinski et al. 2016).

Preservation of the biological equilibrium in the soil depends on numerous
factors, which may be divided into chemical, physical, and biological. The last
group of parameters is particularly susceptible to modifications caused by any
disturbance occurring in the soil and water environment. Enzymatic activity of
the soil and proliferation of soil microorganisms are the best indicators of the
stability and fertility of soil ecosystems (Kaczynska et al. 2015). This is due
to the immediate response of the biochemical activity of the soil to any distur-
bance of the environment. The soil environment is a source of an immense pool
of enzymes. It includes representatives of every enzyme class, i.e. oxidoreduc-
tases, hydrolases, isomerases, ligases, lyases, and transferases (Baldrian 2009).
All these enzymes are involved in the process of conversion of organic sub-
stances and energy (Gu et al. 2009). Soil dehydrogenases are the main repre-
sentatives of the oxidoreductase class (Kaczynska et al. 2015).

Dehydrogenases play a significant role in the biological oxidation of soil
organic matter by transferring hydrogen from organic substrates to inorganic
acceptors (Zhang et al. 2010). Many specific dehydrogenases transfer hydrogen
to either nicotinamide adenine dinucleotide or nicotinamide adenine dinucleo-
tide phosphate (Kuziemska et al. 2012). Kaczynska et al. (2015) reported that
dehydrogenases are very good indicators of the microbiological redox-systems
and could be considered as a good and adequate measure of microbial oxida-
tive activities in the soil. Brzezinska et al. (2001) found that active dehydroge-
nases can utilize both O, and other compounds as terminal electron acceptors,
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although anaerobic microorganisms produce most dehydrogenases. Therefore,
dehydrogenases reflect metabolic ability of the soil and its activity is considered
to be proportional to the biomass of the microorganisms in the soil (Strek and
Telesinski 2016). But, the relationship between an individual biochemical prop-
erty of soil dehydrogenases activity and the total microbial activity is not always
obvious, especially for complex systems like soils where the microorganisms
and processes involved in the degradation of the organic compounds are highly
diverse (Salazar et al. 2011).

This paper describes the effects of different quaternary ammonium salts
(varying in the length of the alkyl substituents), with the iodine anion, on the
activity of dehydrogenases in sandy clay loam.

MATERIALS AND METHODS

The testing was performed on a soil material taken from the topsoil of
Pyrzycka Plain (53°15'N, 14°90'E), located in the West Pomeranian Voivode-
ship, Poland. According to the classification of the United States Department of
Agriculture, it was a soil with granulometric composition of sandy clay loam.
The content of particular fractions, expressed in g-kg™!, was as follows: sand
(0.05-2 mm) — 531.28; silt (0.002—-0.05 mm) — 192.31; and clay (<0.002 mm)
— 276.41. The soil contained, in g-kg': Cog — 3382, N, —2.92. Its hydrolytic
acidity was 14.22 mmol(+) kg, and the pH was 7.13 inl MKCI. The soil was
air-dried and sieved through a 2-mm mesh.

The experiments were performed in triplicate under laboratory conditions,
with the following variable factors: (a) type of QAS: tetramethylammonium
iodine [TMA][I], tetracthylammonium iodine [TEA][I], tetrapropylammonium
iodine [TPA][I], tetrabutylammonium iodine [TBA][I]; (b) QAS dosages: 0, 10,
100, and 1,000 mg-kg'. The 1-kg soil samples were adjusted to 60% maximum
water holding capacity, and then were incubated in tightly closed glass contain-
ers at a temperature of 20°C.

During the experiment, the activity of dehydrogenases was measured four
times (on day 1, 14, 35, and 70) in the soil samples from each repetition in 3
subsequent replications. Soil samples are suspended in a triphenyltetrazolium
chloride (TTC) solution and incubated for 16h at 25°C. The triphenylformazan
(TPF) produced is extracted with acetone and measured photometrically at 546
nm (Thalmann 1968).

Values of the activity of dehydrogenases were also used to calculate the
median relative changes according to the formula defined by Chaer et al. (2009):

RCh :(Z—IJ-IOO%
C
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Where: T — the activity of dehydrogenases in the soil treated with QAS; C —
the activity of dehydrogenases in control soil.

The results of the studies were determined statistically using a statistical
software package Statistica v. 13.1 (Statsoft, Inc.). Based on the analysis of
the effect measure n? by variance analysis — ANOVA, the percentage shares of
all the variable factors affecting the activity of dehydrogenases were defined.
Homogeneous groups were calculated using the Tukey’s test with p<0.05.

RESULTS AND DISCUSSION

The application of quaternary ammonium salts into the soil caused the inhi-
bition of activity of soil dehydrogenases activity. However, the demonstrated
changes depended on the type of quaternary ammonium salts, their dosage, and
the day of the experiment. A statistically significant (p<0.05) decrease in activ-
ity of dehydrogenases was noted in the soil containing [TMA][I] on day 1 for
doses of 100 and 1,000 mg-kg', by 31.19% and 40.30%, respectively (Table
1). At two consecutive measurement dates, all [TMA][I] dosages decreased sta-
tistically significantly (p<0.05) the activity of the examined group of enzymes
and the observed effect increased with an increasing dosage of this quaternary
ammonium salt (up to 35.77% on day 14 and up to 32.38% on day 35). But, on
day 50, only the dose of 1,000 mg-kg' inhibited the activity of dehydrogenases
in the soil (22.37%, compared to the control), statistically significantly (p<0.05).

An application of [TEA][I] to the soil at all dosages resulted in a statis-
tically significant (p<0.05) decrease in the activity of dehydrogenases in the
first three measurements, and it was higher with increasing salt doses. The
demonstrated inhibition for subsequent dosages of [TEA][I] was 17.52-20.34%,
23.63-47.14%, and 38.86—-58.17%, respectively. In turn, on day 70, a statistical-
ly significant decrease in the activity of dehydrogenases was recorded only for
the dosage of 1,000 mg-kg' (26.09%).

TABLE 1. ACTIVITY OF DEHYDROGENASES (mg TPF-kg' dm-h') IN SOIL
TREATED WITH QUATERNARY AMMONIUM SALTS WITH THE IODINE ANION

Type of QAS ($1;~?<§'?SS§Z:) Day of experiment
1 14 35 70 70
Control 5422 a 5422 a 52.00 a 54.12a 49.79 a
10 5391 a 5391 a 44.76 b 46.28 b 44.32 ab
[TMA][I] 100 3731¢c 43.42b 45.35b 43.50 ab 43.50 ab

1,000 32.37 cd 34.04 ¢ 36.59 ¢ 38.65b 38.65b
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Type of QAS (Slgig‘(‘)sDaﬁ) Day of experiment
1 14 35 70 70

10 43.19b 43.19b 42.89 b 44.01 b 43.60 ab

[TEA][I] 100 28.66d 36.99 ¢ 41.33 be 42.57 ab 42.57 ab
1,000 22.68 ¢ 26.01d 36.08 ¢ 36.80b 36.80b

10 45970 4597 32.97 cd 4443 b 42.57 ab

[TPA][I] 100 31.34 cd 31.09 cd 38.55¢ 36.70 be 36.70 be
1,000 23.50 de 30.29 cd 33.09 cd 3391 cd 3391 cd

10 27.32d 27.32d 28.41d 36.39 ¢ 35.36 be

[TBA][I] 100 23.81 de 27.34d 3597c¢ 35.13 be 35.13 be
1,000 16.80 f 25.20d 27.93d 22.37d 22.37d

The same letter means a homogenous group in the columns for a day (p<0.05).

In contrast, the introduction of [TPA][I] and [TBA][I] at all doses inhib-
ited the activity of dehydrogenases throughout the experiment. As for [TEA]
[1], the observed effect increased with increasing salt doses. The greatest degree
of activity inhibition was observed on day 1, and the demonstrated inhibi-
tion for the highest dose of [TPA][I] and [TBA][I] was 56.65% and 69.01%,
respectively.

Based on the calculated values of median relative changes (RCh), the inhi-
bition of activity of dehydrogenases increased not only with an increasing dos-
age, but also with elongation of alkyl substituents in the cation (Fig. 1). Liwars-
ka-Bizukojc (2011) also reported the inhibitory effect of 1-alkyl-3-methylimida-
zolium bromides on the activity of dehydrogenases in activated sludge biomass,
which increased with the increase in the chain length of the alkyl substituent,
whereas Markiewicz et al. (2009) estimated that at 1-methyl-3-octylimidazoli-
um chloride of concentration higher than 0.2 mM, the activity of dehydroge-
nases in the cells dropped markedly. Also Azimova et al. (2009) measured the
effect of imidazolium-derived ionic liquids on the bacterial respiration rate.
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Fig. 1. Median relative changes in activity of dehydrogenases in soil treated with quaternary
ammonium salts with the iodine anion at dosages of: 10 mg-kg' (A), 100 mg kg (B),
1.000 mg-kg' (C)

However, the results obtained by Sun ez al. (2017) revealed that dehydrogenas-
es, as well as acid phosphatase, were not sensitive to 1-methyl-3-octylimidazolium
tetrafluoroborate, while the urease activity was first stimulated and then inhibited
by this ionic liquid (observed after 30-day incubation). Telesinski and Sutkowska
(2016) reported that two imidazolium ionic liquids: 3-butyl-1-methylimidazolium
tetrafluoroborate and 3-hexyl-1-methylimidazolium tetrafluoroborate, decreased
the activity of o-diphenol oxidase, but the size of this effect depended on the dos-
age of ionic liquids, incubation time, and soil properties. Li et al. (2013) showed
that imidazolium ionic liquids may improve enzyme activities, because they par-
ticipated in the biocatalytic processes.Telesinski et al. (2017) have shown that the
application of three ionic liquids with a hexafluorophosphate anion caused mainly
non-significant changes in the activity of phosphatases. These ionic liquids were
often not dependent on their doses.

Our previous studies have also showed the phytotoxicity of quaternary
ammonium salts with the iodine anion in soil. The increase of QAS concentration
in the soil was correlated with the decrease of concentrations of all photosynthetic
pigments in the plants. The observed increase of malondialdehyde (MDA) con-
centration and the changes in the H,O, level has indicated the presence of oxi-
dative stress in plants, which usually led to the increase of superoxide dismutase
(SOD), catalase (CAT), and peroxidase (POD) activity (Biczak et al. 2017).

The data presented in Table 2 unequivocally indicates that the activity of
dehydrogenases varied over time, and that it depended on the QAS dosage. The
share of this factor in the formation of activity of dehydrogenases was 76.80%.
The type of QAS also affected dehydrogenases, significantly, and the share of
this factor in the formation of the activity was 13.74%.
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TABLE 2. PARTICIPATION OF VARIABLE FACTORS IN THE FORMATION OF
DEHYDROGENASES ACTIVITIES (%)

Factor Percentage participation
Dosage of QAS (A) 76.80
Type of QAS (B) 13.74
Day of experiment (C) 4.40
AxB 1.82
AxC 2.16
BxC 0.54
AxBxC 0.34
Error 0.20

CONCLUSIONS

The quaternary ammonium salts with the iodine anion caused decrease in
the activity of dehydrogenases in the soil. This effect increased with an increas-
ing dose and also with the elongation of alkyl substituents in the cation. The
highest inhibition was observed in the soil with [TBA][I] at a dose of 1,000
mg-kg!, and it was nearly 70% compared to the control. The analysis of vari-
ance 1’ showed that the activity of dehydrogenases was affected, to the highest
degree, by the type of QAS.
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