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respiration, nitric oxide emission, germination, and 
growth of white mustard 3 and 60  days after three 
progressively increasing doses of antibiotics were 
applied. Tetracycline was found to impair the eco-
logical function of humus-rich soil by reducing deni-
trification and compromising soil microbial activity, 
while the effect of streptomycin on humus-poor soil 
was to reduce nitrification and soil fertility due to 
nitrogen escape. Both streptomycin and tetracycline 
increased the microbial biomass and suppressed the 
growth of white mustard seeds, which indicates an 
increase in the allelopathic activity of microorgan-
isms in the soil conditions under the influence of anti-
biotics and their metabolites. Due to the low sorption 
of streptomycin in humus-poor soils, it poses a great 
danger to agricultural production, especially in areas 
of low fertility. In humus-rich soils, high concentra-
tions of tetracycline caused numerous problems, 
including death of the crop plants. Thus, the effect of 
antibiotics as well as the more traditional soil pollut-
ants, such as heavy metals, to a large extent, depends 
on the humus content of soils.

Keywords Soil · Humus · Tetracycline · 
Streptomycin · Respiration · Denitrification · Plant 
growth

Abstract Despite the large number of scientific 
studies on the effects of antibiotics on soil microor-
ganisms, little is known about the role played by soil 
organic matter (humus) in the interaction of antibi-
otics with microorganisms and plants, including the 
impacts on respiration and growth rate and the impli-
cations for nitrogen metabolism, which is an impor-
tant factor in soil fertility The aim of this study was 
to analyze the effects of two widely used antibiotics, 
tetracycline and streptomycin, on microbiotic activity 
and plant growth in two soils with dissimilar organic 
carbon content, at the extremes of the fertility spec-
trum based on humus content. The study used humus-
rich (Corg 5.4%) and humus-poor soils (Corg 1.5%) 
and measured basal respiration, substrate-induced 
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1 Introduction

Ecotoxicologists have been studying the effects of 
antibiotics on ecosystem health since the 1970s, 
when pharmaceuticals were first found in soil (Bern-
hardt et al., 2017). Scientists quickly discovered that 
antibiotics affect the composition of soil microbiota 
and tamper with plant biomass production (Cycon 
et  al., 2019). But the most concerning finding was 
the movement of antibiotics through agroecosystems, 
which can lead to the emergence of antibiotic-resist-
ant microorganisms that pose a risk to human health 
(Manyi-Loh et al., 2018). Most antibiotics enter soil 
through animal excretions (Cycon et  al., 2019), irri-
gation, and manure- or sewage sludge-based fertili-
zation (Bondarczuk et  al., 2016; Daghrir & Drogui, 
2013; Singer et al., 2016; Wu et al., 2014).

Antibiotic have been reported to exert negative 
impact on public health and food safety, such as drug 
toxicity, immunopathological diseases, carcinogenic-
ity, allergic reactions, and drug sensitization, amongst 
others (Baynes et  al. (2016). These adverse impacts 
tend to be influenced by land use, contaminated 
water sources, policies (e.g., production, trade, ani-
mal health, food security), national and international 
trade, animal demography, and interactions between 
the human populations as well, as they are reported 
to vary considerably between regions and countries 
(WHO, 2012).

The effects of antibiotics on soil microorganisms 
range from insignificant to severe, as they affect 
microbial abundance (Akimenko et  al., 2015; Pinna 
et al., 2012; Xu et al., 2016), overall microbial activ-
ity (Cui et al., 2014; Liu et al., 2015; Schmitt et al., 
2004), and enzyme activity (Chen et  al., 2013; Ma 
et  al., 2016), as well as carbon mineralization and 
nitrogen cycling (Thiele-Bruhn & Beck, 2005; Rosen-
dahl et al., 2012). Some antibiotics can also provide 
a carbon source for the nutrition of microorganisms, 
thus boosting microbial biomass (Thiele-Bruhn & 
Beck, 2005). Soil microorganisms are important 
because they contribute to agricultural crop produc-
tivity through their role in decomposing organic mat-
ter to release mineral elements for crop nutrition.

In recent decades, significant results have been 
obtained for the isolation and identification of plant 
and microorganism metabolites with allelopathic 
activity and their role in soil ecosystems. The allelo-
pathic properties of plants and microorganisms, the 

main functions and mechanisms of action of alle-
lochemicals, and their stability in soil ecosystems 
have been investigated (Barazani & Friedman, 2001; 
Lozano et al., 2014; Cheng & Cheng, 2015; Polyak & 
Sukcharevich, 2019). A particular focus has been the 
possibility of using allelopathy to combat phytopath-
ogenic microorganisms (Aslam et  al., 2017). How-
ever, the peculiarities of plant and microorganism 
allelopathic activity in a changing environment, and 
in response to anthropogenic impact, remain poorly 
understood.

The wide range of antibiotic effects on soil micro-
organisms is linked to the diversity of soil physico-
chemical properties and climatic conditions (tempera-
ture, precipitation, and humidity) in which they are 
found (Cycon et al., 2019). In addition, the uptake of 
antibiotics by soil organic matter pools (carbon frac-
tions) can significantly prolong and thus enhance 
their action (Danilova et al., 2020).

The most accessible and affordable antibiotics — 
streptomycin and tetracycline — are also the most 
commonly found in the natural environment, includ-
ing agroecosystems. They are the drugs of choice for 
treating human and animal infections and are also 
used in animal feed as growth promoters (Chopra & 
Roberts, 2001). Tetracycline exhibits a very long-
lasting persistence in soil, with a half-life of 578 days 
(Walters et al., 2010), which is due to its high affinity 
and strong ability to bind to soil organic components, 
forming stable residues (Teixidó et al., 2012). Strep-
tomycin is more hydrophilic than tetracycline and is 
more often found residing in the soil solution than 
being sorbed onto soil particles (Cycon et al., 2019).

The effects of antibiotics on soil microorganisms 
have been the subject of much scientific research. 
However, surprisingly, little is known about the role 
that soil organic matter (humus) plays in the interac-
tion of antibiotics with microorganisms, including 
impacts on respiration and growth rate of microor-
ganisms and plants as well as implications for nitro-
gen metabolism, which is an important factor in soil 
fertility. Therefore, the purpose of this study was 
to analyze the impacts of two widely used antibiot-
ics (tetracycline and streptomycin) on the ecological 
functionality of two soils at the extremes of the fer-
tility spectrum based on humus content. We believe 
that our results will be particularly relevant to help 
guide public policy and industry practice in this criti-
cal area.
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2  Methods

Samples of the upper soil (0–20  cm depth) were 
obtained from two distinctly different locations. 
Humus-rich soil 1 was taken from a fallow where 
wheat was grown the previous summer (N 51.10°, E 
40.31°, Voronezh region, Russian Federation), while 
humus-poor soil 2 was obtained from a rice field used 
for rice cultivation the previous year (N 47.83°, E 
45.41°, the Bolshoi Tsaryn settlement, Republic of 
Kalmykia). Soil 1 contained 5.4%  Corg, 3.9 mg/100 g 
 NH4, and 12  mg/100  g  P2O5. It had pH of 6.7 and 
water-holding capacity of 83%. Soil 2 contained 1.5% 
 Corg, 0.72 mg/100 g  NH4, and 17 mg/100 g  P2O5. It 
had pH of 7.3 and water-holding capacity of 96%.

Tetracycline hydrochloride  (C22H25ClN2O8) and 
streptomycin sulfate  (C21H39N7O12) were purchased 
from the Biohimik company (Russian Federation, 
http:// biohi mik. ru/ produ ktsiya). Tetracycline had 
octanol/water partition coefficient  (pKow) of − 1.25 
with the dissociation constant  (pKa) of 3.29/7.32/9.11. 
Streptomycin had  pKow of − 3.23 ± 1.04 and  pKa of 
11.09 (Halling-Sørensen, 2001).

For mesocosm experiments, the samples were 
freed from course plant fragments, sieved through 
a 5-mm sieve, and adjusted for moisture by distilled 
water to soil pressure of 300  kPa (pressure plate 
method). Duplicate 200  g soil samples were dosed 
with three concentrations of tetracycline hydro-
chloride and streptomycin sulfate (100, 600, and 
1,200 mg  kg−1 normalized by tetracycline and strep-
tomycin weight). An antibiotic-free soil sample was 
used as reference. Soil samples of 200 g dry weight 
were placed in closed plastic containers. Soil mois-
ture was adjusted during the experiment by watering 
every 2  days. Samples were incubated at 18–23  °C 
with pH at 6.5. Samples were analyzed after 3 days 
and 60  days for soil microorganisms, microbial bio-
mass, soil basal respiration, and  N2O emissions.

The carbon content of microbial biomass (Cmic) 
was determined by the substrate-induced respiration 
(SIR) method (Ananyeva et al., 2009). The method is 
based on the respiratory response of soil microorgan-
isms to available organic substrate (glucose) in the 
soil, which is proportional to the content of microbial 
biomass. A soil sample (3 g) was placed into a glass 
vial (15  mL); glucose solution was added drop by 
drop (0.2 mL/g), to obtain a 10 mg/g concentration. 
The vial was sealed and incubated for 3 h at 22 °C. 

An air sample (0.5  mL) was then taken by syringe 
from the air phase of the vial and injected into a 
KristalLux 4000  M gas chromatograph, to measure 
the  CO2 concentration. The incubation time of the 
soil with glucose was fixed. The SIR rate (μL  CO2/ 
(g h)) was calculated, taking into account the  CO2 
concentration, the volume of the gas phase in the vial, 
and the weight and incubation time of the soil sample. 
The Cmic content (μg C/g soil) was determined by 
the equation: Cmic = SIR × 40.04 + 0.37 (Anderson 
& Domsh, 1993). Basal respiration of soil (BR) was 
measured in a similar way to SIR but with the appli-
cation of distilled water to the soil instead of glucose 
solution. The incubation lasted 24 h at 22 °C, and the 
result was expressed as μg C-CO2/(g h).

The denitrification rate was estimated by the accu-
mulation of  N2O in the gas phase of the vial, in the 
presence of acetylene blocking the work of nitrous 
oxide reductase (Ananyeva et  al., 2015). Glucose 
(6  mg/g soil) and, additionally,  KNO3 (0.4  mg/g 
soil) were added to the soil (3 g dry weight equiva-
lent in 15 mL hermetically sealed vials). Air was dis-
placed from the vial with argon, after which 1 mL of 
acetylene was introduced by syringe. The vials were 
thoroughly shaken and incubated for a day at a tem-
perature of 28  °C. The determination of  N2O in the 
gas phase was performed with a Chromatec Crystal 
5000.2 gas chromatograph with an electron capture 
detector. Nitrogen was used as a carrier gas.

Phytotoxicity assays were performed 3  days after 
the exposure of the samples to the antibiotics, accord-
ing to the Phytotestkit protocol (manufactured by 
MicroBioTests Inc.) modified for the Russian Fed-
eration (according to ISO 18763). Each test plate 
had two identical compartments, upper and lower, 
for growing shoots and roots, respectively, measur-
ing 13.5 × 8.5 × 0.8  cm (length × width × height). 
The lower compartment was fitted with filter paper 
impregnated with eluate and plant seeds were placed 
in it. Dicotyl white mustard (Sinapis alba L.) was 
used for test species, as is the international practice. 
The plates were incubated at 22–24  °C for 96 h. At 
the end of the exposure, the length of roots and shoots 
was recorded, and germination rate was calculated.

2.1  Data Analysis

Data were processed; standard deviation and correla-
tion analyses were performed using the STATISTICA 

http://biohimik.ru/produktsiya
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version 8 software package (Statsoft Inc.). ANOVA 
was used to analyze statistically significant differ-
ences within and between test groups. The degree of 
statistical significance of the results was calculated 
using the GraphPad Prism 9 software (intergroup sta-
tistical significance was fixed at p ≤ 0.05; Tukey and 
Šídák criteria were used).

3  Results and Discussion

3.1  Tetracycline

Since tetracycline is readily adsorbed on organic 
humus particles at low concentrations, it did not 
significantly affect soil microbiological parameters 
in the first phase of the observations, as confirmed 
by high Kd and KOC values (Cycon et  al., 2019). 
At higher concentrations, however, it may have 
caused nutrient release into the soil solution due 
to exchange adsorption of the antibiotic and solid 
organic particles, thereby enhancing mustard root 
growth (by 75 and 110% at concentrations of 100 
and 600  mg/kg, respectively) (Table  1). But at the 
maximum concentration of 1200  mg/kg, tetracy-
cline triggered a significant increase in basal res-
piration and microbial biomass (by 50% and 35%, 
respectively) (Fig.  1a), while nitrogen oxide emis-
sion plummeted by 85%. The higher rate of nitri-
fication by the expanding biomass, coupled with 
nitrate accumulation in the soil, resulted in the com-
plete (100%) suppression of mustard germination 
(Table 1). Danilova (2020) observed similar effects 

of high concentrations of tetracycline on nitrifica-
tion. The effect could be part of the self-protection 
mechanism of microorganisms against high levels 
of reactive oxygen species introduced into the soil 
by tetracycline, which is characteristic of hetero-
trophic nitrification.

In the second phase of observations (60  days), 
characterized by prolonged release of tetracycline 
into the humus-rich soil solution, due to desorption 
from organic humus particles (Cycon et  al., 2019), 
microbial biomass incrementally increased with every 
dose of antibiotic applied (by 35, 10, and 20%).

In humus-poor soils, the increase in microbial 
biomass in the first stage was less pronounced and 
occurred at lower tetracycline concentrations (23 
and 21% at 100 and 600 mg/kg, respectively), while 
basal respiration and nitrogen emission remained 
unchanged. The low activity of tetracycline in humus-
poor soils may be due to a weakly acidic environ-
ment, as antibiotic activity drops with decreasing pH 
(Kulshrestha et al., 2004).

However, during the second observation period 
(60  days), nitric oxide emission decreased at tet-
racycline concentrations of 100 and 600  mg/kg, 
which may be due to tetracycline accumulation in 
the humus-poor soil because of its typically long 
decomposition period (Cycon et  al., 2019). At the 
same time, an increase in microbial biomass was only 
observed with the maximum dose of the antibiotic 
(Fig.  1b). It is possible that the increase in biomass 
was not caused by the antibiotic but by the glucose 
used in the SIR assay technique to measure microbial 
biomass. Glucose may have stimulated the growth of 

Table 1  Effect of antibiotics on root and shoot length and seed germination in the two soils

*Reliable at p ≤ 0.05 relative to control

Antibiotic mg/kg Humus-rich soil 1 Humus-poor soil 2

Root 
length, mm

SD Shoot 
length, mm

SD Germina-
tion, %

Root 
length, mm

SD Shoot 
length, mm

SD Germi-
nation, 
%

0 24 7.0 54 9.3 83 30 5.8 53 8.8 92
T100 42 32 66 33 58 47 12 53 21 38
T600 51* 2.6 50 16 21 17* 0.3 29* 2.7 25
T1200 0* 0.0 0.0* 0.0 0.0 11* 5.8 28* 0.8 29
S100 35* 1.5 48 32 21 43 8.0 29* 7.1 21
S600 46 11 50 1.0 58 56 21 60 16 25
S1200 45* 10 37 13 33 22 30 6.0* 7.8 8
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certain taxa of microorganisms that used tetracycline 
as a carbon source for nutrition (Liu et al., 2015).

In humus-poor soils, tetracycline not only sup-
pressed white mustard germination, but also inhibited 
root and shoot growth in proportion to the increasing 
dose (Table 1). The antibiotic coating adjuvants, such 

as titanium dioxide, azorubine dye, and tropaeolin O 
dye, may have contributed to the inhibition of seed 
growth.

Thus, high concentrations of tetracycline in 
humus-rich soil initiate an increase in basal respira-
tion, an explosive growth of microbial biomass, and 

Fig. 1  Dose-related effects of tetracycline (T) and strepto-
mycin (S) on basal respiration (BR), microbial biomass C 
(Cmic), and nitrous oxide emission in humus-rich soil 1 and 
humus-poor soil 2 on day 3 (a) and day 60 (b) of exposure. 

Mean ± standard error (n = 3) values are given; values with dif-
ferent letters vary significantly (p ≤ 0.05) for each parameter 
and Corg content (p ≤ 0.05, according to Tukey and Šídák cri-
teria)
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a decrease in nitrification. The exact interaction of 
these processes is unpredictable, but the fact that 
sprouting of white mustard was completely sup-
pressed by high doses of tetracycline suggests a nega-
tive synergy between the two. Moreover, the adsorp-
tion of tetracycline on organic particles of humus and 
the subsequent slow release into the soil solution over 
time exacerbate its negative effects.

In humus-poor soils, the activity of tetracycline, 
probably due to its slow decomposition, affects the 
microbial biomass, and the release of nitric oxide is 
continuous and more prolonged. At the same time, 

the effect of tetracycline leads to the suppression of 
both seed germination and roots and shoots growth.

3.2  Streptomycin

The effects of streptomycin were limited to humus-
poor soils in our experiments. Thus, during the 
first observation period, basal respiration increased 
steadily with rising antibiotic concentrations (10, 
40, and 80% at 100, 600, and 1200  mg/kg strepto-
mycin, respectively), (Fig. 1a), while the biomass of 
microorganisms also experienced a significant spike. 
We believe that some taxa of microorganisms used 

Fig. 1  (continued)
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streptomycin as an additional carbon source for their 
nutrition, similar to what occurred with tetracycline. 
Some of these taxa may have been denitrifiers con-
verting nitrogen to gaseous forms, as evidenced by 
the elevated nitric oxide emissions (25 and 45%) at 
concentrations of 600 and 1200 mg/kg streptomycin, 
respectively.

Interestingly, nitric oxide emission increased stead-
ily over time: by the end of the second observation 
period, it was almost three times higher than in the 
control at the maximum antibiotic dose of 1200 mg/
kg (Fig.  1b). However, the biomass of microorgan-
isms decreased sharply at this time point (by 25%), 
probably due to denitrifiers inhibiting other taxa of 
microorganisms as well as due to substrate depletion. 
Massive nitrogen emissions from the soil during the 
period of observations reduced fertility, inhibiting 
mustard seed germination (by 75 and 70% at 600 and 
1200 mg/kg, respectively) and root growth (by 90% at 
the maximum dose).

In humus-rich soil, streptomycin had no effect on 
microorganisms, as it appears to be reliably taken 
up by soil organic matter, while somewhat inhibited 
mustard seed germination may be due to toxic adju-
vants in the antibiotic coating. Mustard root growth 
(by 45, 90, and 90% with respective doses) was linked 
to the release of nutrients as a result of exchange 
adsorption of the antibiotic and solid organic matter.

Thus, the main threat to the fertility of humus-
poor soils from streptomycin is related to the removal 
of nitrogen in gaseous form, while these soils are 
already poor in many nutrients. In contrast, organic 
matter in humus-rich soils can reliably adsorb strep-
tomycin without affecting microbial biomass growth 
or nitrification.

4  Conclusions

The results of our experiments show that tetracycline 
and streptomycin have distinct and widespread effects 
on soils with different levels of humus. Streptomy-
cin has no significant effect on the activity of micro-
organisms in humus-rich soils because it is reliably 
adsorbed by soil organic particles. However, strep-
tomycin promotes the release of nutrients through 
adsorption exchange, which is a positive factor for 
mustard root growth. On the other hand, the toxic 

adjuvants in the antibiotic coating inhibit mustard 
germination.

Tetracycline is adsorbed less in humus-rich soils, 
and since a larger amount of the antibiotic remains 
available in the soil solution, this increases its nega-
tive effect. In particular, tetracycline boosts microbial 
biomass and basal respiration while reducing nitro-
gen release, resulting in complete inhibition of seed 
growth.

Both antibiotics continue to affect microbial bio-
mass in both types of soil long after application, as 
they are gradually released into the soil solution fol-
lowing the breakdown of their sorption bonds.

However, in humus-poor soils, tetracycline activ-
ity is somewhat attenuated due to low soil pH, while 
streptomycin works at its full capacity, increasing 
basal respiration, boosting microbial biomass, and 
intensifying nitrogen emission, which increases in 
proportion to the applied concentration. As a result, 
seed growth is inhibited, and soil fertility is reduced 
due to nitrogen depletion. Moreover, at high con-
centrations of streptomycin, the release of gaseous 
nitrogen into the air continues for a long time after 
application.

In conclusion, tetracycline impairs the ecological 
functions of humus-rich soils by reducing denitrifica-
tion and impairing microbial activity, while strepto-
mycin impairs humus-poor soils by reducing nitrifica-
tion and soil fertility due to nitrogen escape. At the 
same time, both antibiotics boost microbial biomass, 
thus suppressing the growth of white mustard seeds.

The negative influence of chemical plant protec-
tion products — herbicides, fungicides, and nemati-
cides on allelopathic interactions between plants and 
microorganisms — is that they change the physico-
chemical properties of the soil and cause microbial 
imbalance in the soil. Antibacterial drugs are obvi-
ously no less active in modifying allelopathic inter-
actions, which can lead to inhibition of plant growth. 
We see this in our experiments with antibiotics.

Soil organic matter reliably adsorbs streptomy-
cin and, to a lesser extent, tetracycline. The longer 
antibiotics remain in the soil, the less predictable is 
their effect. Given the low sorption of streptomycin in 
soils poor in humus, our conclusion is that it poses a 
great danger to agricultural production, especially in 
areas of low fertility. However, in soils rich in humus, 
it is high concentrations of tetracycline that cause a 
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number of serious problems, up to and including the 
death of crop plants.

The data obtained showed that the organic con-
tent of a soil can influence the impact of antibiotics 
on the functioning of living systems. Thus, the effect 
of antibiotics, which represent a group of poorly stud-
ied, unconventional soil pollutants (Ma et  al., 2016; 
Thiele-Bruhn, 2003) as well as traditional soil pollut-
ants, such as heavy metals, to a large extent, depends 
on the humus content of soils. In recent studies, this 
has been demonstrated in the assessment of plant 
development and microbial activity under the influ-
ence of heavy metals, in soils that differ in their Corg 
content (Terekhova et al., 2021a, b).

Since antibiotic use will obviously continue for a 
long time to come, we believe that further research 
is needed to identify the pathways, which minimize 
their negative effects. The research should focus pri-
marily on the dynamic changes in the structure of 
microbial communities in soils, which are subjected 
to sustained antibiotic pressure.

The influence of natural and anthropogenic factors 
on the formation, stability, and activity of compounds 
with allelopathic properties in microbial-plant associ-
ations is of great practical importance (Lozano et al., 
2014). It is known that chemical plant protection 
products (herbicides, fungicides, and nematicides) 
negatively affect allelopathic interactions between 
plants and microorganisms (Aslam et al., 2017). They 
change the physicochemical properties and cause 
a microbial imbalance in the soil (Cheng & Cheng, 
2015). It is equally important to understand the effect 
of antimicrobial substances on the modification of 
allelopathic interactions, which can lead to changes in 
plant growth. As our results show, the effect of anti-
biotics depends not only on their chemical structure, 
but also on the abiotic conditions of the soil, in par-
ticular on the content of organic carbon.
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