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Abstract: Assessment of the effects of transgenic plants on microbiota and soil fertility is an important
part of the overall assessment of their biosafety. However, the environmental risk assessment of
genetically modified plants has long been focused on the aboveground effects. In this review, we dis-
cuss the results of two decades of research on the impact of transgenic plants on the physicochemical
properties of soil, its enzyme activities and microbial biomass. These indicators allow us to assess
both the short-term effects and long-term effects of cultivating transgenic plants. Most studies have
shown that the effect of transgenic plants on the soil is temporary and inconsistent. Moreover, many
other factors, such as the site location, weather conditions, varietal differences and management
system, have a greater impact on soil quality than the transgenic status of the plants. In addition
to the effects of transgenic crop cultivation, the review also considers the effects of transgenic plant
residues on soil processes, and discusses the future prospects for studying the impact of genetically
modified plants on soil ecosystems.

Keywords: biosafety; transgenic plants; risk assessment; soil enzyme activity; microbial biomass;
soil fertility

1. Introduction

Socioeconomic benefits of genetically modified plants (GMP) have favored their wide
cultivation in the world so that most cotton (79%) and soybean (74%), as well as a sig-
nificant part of maize (31%) and canola (27%), are biotech crops [1]. The emergence of
transgenic plants has raised a debate about their biosafety, both for human health and the
environment. Soon after the commercial release of the first genetically altered crop in 1996,
Snow and Moran-Palma [2] divided environmental risks into four groups: (1) transgene
flow to wild relatives, (2) the evolution of resistant pests, (3) the effects on non-target
organisms and (4) the effects on soil biota and fertility. Therefore, assessment of the risks
to soil due to the cultivation of GMPs should be an important part of an overall safety
assessment of transgenic plants. However, the environmental risk assessment of transgenic
plants has long been focused mainly on the aboveground effects. In the early 2000s, several
reviews summarized the research on transgene flow to wild and/or weedy relatives [3],
the evolution of resistant pests [4] or the effects on non-target organisms [5]. At the same
time, studies on the effects of transgenic plants on soil microorganisms were just begin-
ning. Currently, this aspect is very important because microorganisms are the dominant
underground soil organisms: they account for more than 80% of the total biomass (without
roots) and largely determine the functioning of terrestrial ecosystems [6]. The disregard
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for the effects of transgenic plants on the underground components is mainly explained
by the difficulties inherent in the study of soil microbiota [7]. The abundance of various
biotic and abiotic factors has so far prevented researchers from reaching a consensus on
whether GMPs can affect soil microorganisms [8]. The available studies provide contra-
dictory results. Most studies have assessed the effects as insignificant, although some
studies have noted significant effects, although these are transitory. On the other hand,
there are known publications on the negative effects of transgenic plants on the physical
and chemical properties of soil, its microbial biomass, enzyme activities and microbial
biodiversity [9–11]. Our review summarizes two decades of research on the effects of GMPs
on the physicochemical properties of soil, its enzyme activities and microbial biomass. We
also note the involvement of external factors in these interactions and outline the prospects
for further research on these issues.

2. Potential Risks of Transgenic Plants for Soil Ecosystems

Soil microorganisms are essential components of soil biological activity and are in-
volved in important biochemical processes such as the decomposition of organic matter,
humus formation and the transformation and cycling of nutrients [12]. Rhizosphere, the
root–soil interface, is the key site where microorganisms integrate soil and plants [8]. Plants
release up to 20% of the photosynthetically fixed carbon into soil with root exudates,
which are the main source of C for microorganisms [13]. These exudates contain primary
and secondary metabolites and, via solubilization and mineral desorption, provide mi-
croorganisms with nutrients, thus playing a key role in establishing plant–microorganism
interactions [14]. Therefore, any intended or unintended alteration in the composition
or quantity of root exudates can affect the soil microbiota (Figure 1). In addition to the
well-known components (sugars, organic acids, amino acids, etc.), the root exudates of
transgenic plants can also contain new substances, including toxins [15]. Microorganisms
also use plant residues—shoots and roots—as a source of C and nutrients. There is no clear
understanding of what is the cause of changes in nutrient cycling in soil under GM crops—
differences in the composition and quantity of root exudates or plant residues (proteins,
carbohydrates, lignins, etc.) [16].
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Different authors differently define the potential effects of GMPs on soil [15,16], but
generally these effects can be divided into three groups: (1) direct effects via new GMP-
produced substances, e.g., Bacillus thuringiensis (Bt) toxins; (2) indirect effects due to
intended or unintended changes in plant metabolism that alter the quality and quantity of
root exudates or the composition and quantity of biomass, mostly underground; (3) changes
in management systems associated with the introduction of GM crops, e.g., the use of other
herbicides. Any of them can boost or inhibit the growth of certain groups of microorganisms
and thus may ultimately affect the processes of carbon and nutrient cycling on the ecosystem
level [17]. At the very beginning of research in this area, however, the question was asked
as to whether a transgenic plant with as little as one or two genes that made it differ from
the original plant could have significant effects on soil microorganisms [18]. It looks more
likely that fluctuations in temperature or precipitation, or changes in plant management
would have a much greater impact on such a heterogeneous system as soil than an altered
genetic trait could [16]. An accurate assessment of changes in soil ecosystem requires
selecting the proper indicators.

3. Indicators of Soil Quality and Fertility

In the extremely complex “plant–soil–microbes” system, each component should be
evaluated with its specific dedicated methods. Most often, a transgenic plant is already
well characterized by the beginning of experiments, and the only task is to ascertain some
parameters under specific growing conditions. Soil quality research traditionally focused
on chemical and physical properties [19]. The number of such parameters is quite limited
(pH, organic matter, macro- and some micronutrients) and they can be determined by
simple analytical methods. A wide variety of methods assess soil microorganisms, their
diversity, abundance and function. Microbial diversity is studied using molecular tools,
particularly amplicon sequencing, terminal restriction fragment length polymorphism
(T-RFLP) and denaturing gradient gel electrophoresis (DGGE), while the phospholipid
fatty acids (PLFA) analysis provides information about the overall structure of a microbial
community [20]. The total microbial biomass is assessed by quantifying the biophilic
elements in microbial cells, most often C (microbial biomass C, MBC), less often N (microbial
biomass N, MBN) and even less often P (microbial biomass P, MBP). The functionality is
evaluated by measuring the activities of soil enzymes, which are very diverse.

Great attention is given to the effects of GMPs on biodiversity. The review by Guan
et al. [8] provides a detailed discussion of the effects of transgenic plants on the soil microbial
diversity as assessed using PLFA, DGGE, T-RFLP and other methods. Understanding
the relationship between microbial composition and functionality is necessary to predict
changes in ecosystem functioning in response to various environmental disturbances [21],
including the impact of transgenic plants. However, relationships between microbial
diversity and soil functions are still debated [22]. The concept that biodiversity promotes
the functioning of ecosystems has long been adopted for animals and plants. If directly
extended to microorganisms, however, the concept faces a number of serious issues [23].
These issues originate from fundamental differences between macro- and microorganisms:
the latter are characterized by small sizes but an immense richness of microbes, faster
metabolism and physiological versatility, and rapid and colonial growth [24,25]. There is no
direct evidence that the microbial diversity of soil is related to soil ecosystem functioning.
The existing methods and techniques are either not effective enough to obtain relevant
evidence, or the available data may be insufficient for valid conclusions [8]. A recent
study was the first to compare five levels of soil microbial diversities of taxonomy and
function responding to biodiversity loss based on global soil metagenomes across diverse
biomes [26]. It showed that the relative abundance of microbial functioning can remain
stable despite a sharp reduction in taxonomic species that leads to biotic homogenization
but functional stability. This stability suggests a decoupling of taxonomy and function.
The cause of this stability is that microbial communities have high taxonomic variability
but a stable functional structure [27]. Assuming that changes in functionality are more
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likely to be the consequence of diversity disturbance than vice versa, we focused on the
analysis of GMP effects on the physicochemical properties of soil, its enzyme activities and
microbial biomass.

3.1. Soil Physicochemical Properties

The composition of a soil microbial community is the result of the soil’s physical
and chemical properties, which develop at different time scales, over a long period of soil
formation, as well as more recent, in response to local weather conditions and management
systems [28]. For instance, pH is one of the most powerful factors that affects the composi-
tion of a soil microbial community [29]. Another example is the relationship between the
electrical conductivity (EC) of soil and its microbial biomass [30]. Thus, changes in soil’s
physicochemical properties can directly or indirectly affect the activities of soil enzymes
and its microbial biomass [31]. Plant roots and soil microbes can, in turn, alter the physical
and chemical properties of soil in the rhizosphere [32]. For example, organic acids from root
exudates not only alter pH but also play an important part in the availability of phosphorus.
Changes in the composition and quantity of root exudates in plants with new genetic
traits may have a direct effect on transformations of soil P and/or an indirect effect on the
availability of P via shifts in the microbial community and the activities of microorganisms
inhabiting the rhizosphere [16].

3.2. Soil Enzyme Activity

The enzymatic activity of soil plays a crucial role in the formation and decomposition
of soil organic matter, as well as in nutrient cycling [33]. In many studies, soil enzymes are
used as indicators of microbial activity and soil fertility. Their activity is considered an early
and sensitive indicator of natural or anthropogenic disturbances [34]. The list of microbial
genotypic function traits important to biogeochemistry, ecology and environmental sciences
includes enzymes such as chitinase xylanase (carbon degradation in carbon cycling), urease
(N mineralization in N cycling), etc. [23].

The most important enzymes associated with changes in soil quality are hydrolases
and oxidoreductases. The best studied ones include the intracellular enzyme dehydroge-
nase (DHA), an oxidoreductase, and a number of extracellular hydrolases (β-glucosidase
(BGL), phosphatase (PHO), urease, arylsulfatase (ARS) and others), which are directly
involved in transformations of organic compounds and the release of C and nutrients, such
as N, P and S [35]. The hydrolytic degradation of complex soil components is an important
step in several biogeochemical cycles [36]. The thus obtained carbon and nutrients are
then assimilated by microbial cells and used in several metabolic pathways controlled by
intracellular enzymes, including DHA. Even before studies with transgenic plants, soil
quality was often assessed based on enzyme activities, such as DHA (general biochemical
parameter), PHO, BGL and urease (P, C and N cycles) [37]. The same enzymes, as well as
protease and arylsulfatase, are most often used to assess the effects of transgenic plants on
soil microorganisms. The DHA activity is an important indicator of oxidative metabolism
in soils and a sensitive marker of soil microbial activity since this intracellular enzyme is
associated with viable cells [38]. β-glucosidase catalyzes cellobiose hydrolysis to glucose
and dominates among other enzymes involved in the degradation of carbohydrates in
soils [39]. Urease plays an essential role in the effective use of urea in soil by hydrolyzing it
to NH3 and CO2; changes in urease activity are an indirect indicator of changes in the pool
of potentially available N in soil [40]. Protease is another essential enzyme in the N cycle in
soil; it breaks proteins down to amino acids and is often considered to be the rate-limiting
step of N mineralization [41]. Phosphatases catalyze the cycling and transformation of
P in soil ecosystems, and they are a good indicator of organic P mineralization and soil
activity [42]. Most often, studies assess the activities of acid PHO, which is mainly produced
by plant roots, and alkaline PHO, which originates from microorganisms and fauna [43].
Arylsulfatase is an important soil enzyme catalyzing the hydrolysis of sulfate esters [44].
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Less often assessed are hydrolases, such as cellulase and invertase, which hydrolyze
cellulose and sucrose to monosaccharides, respectively [45,46], and oxidoreductases, such
as polyphenol oxidase and catalase, which degrade recalcitrant aromatic compounds and
hydrogen peroxide, respectively [47,48].

3.3. Microbial Biomass

Soil microbial biomass is a critical component of most terrestrial ecosystems because
it regulates nutrient cycling and acts as a highly labile source of nutrients available to
plants [49]. For instance, MBC is more sensitive to changes in the status of organic matter
than the total organic C is [50]. MBC, MBN and MBP are the active components of C, N
and P in soil, respectively, and, as such, participate in the cycling of these elements in the
ecosystems [51]. MBC is the driving force of the decomposition of soil organic matter, while
MBN is critical to regulating the N flow into soil. MBP governs the mineralization and
fixation of soil P, reflects the capacity and intensity of its cycling and is an important source
of available soil P [11].

The microbiological parameters of soil (enzyme activities and biomass) are considered
more sensitive to changes in management and environmental conditions than chemical or
physical properties are [7,52]. For example, TOC is relatively insensitive to environmental
changes and reflects the cumulative result of changes in affecting factors over a relatively
long period [53]. Thus, biochemical indicators show the early response of soil to exposure,
while physicochemical indicators reflect longer-term trends. Together, they complement
each other and provide information about the intensity and direction of changes in a
soil ecosystem.

4. Effects of Transgenic Plants’ Cultivation

According to recent data, the most cultivated transgenic plants in the world in 2019
were those with stacked traits with insect resistance and herbicide tolerance, and herbicide-
tolerant and insect-resistant crops, which occupied 45%, 43% and 12% of the global biotech
crop area, respectively [1]. All other GM crops—virus-resistant or salt-tolerant plants,
canola with modified oils, low gossypol cotton, etc.—accounted for less than 0.5% of
the global biotech crop area. Despite the dominance of herbicide-resistant crops, most
studies on the GMP effects on soil were conducted with insect-resistant plants because
they produce toxic Bt proteins (Table 1). Plants with other traits are studied less frequently,
although theoretically they may also cause unintended changes unrelated to the new gene
product but able to affect soil processes.

Table 1. Risk assessment of insect-resistant transgenic plants on soil quality.

Species Gene Growth Conditions Indicators Additional Factors References

maize Cry3Bb field (2 years) MBC 1 growth stage [54]
insecticide

maize Cry3Bb field (3 years) MBC growth stage [17]
insecticide

maize Cry1Ab, Cry3Bb1 field (4 years) N, P(2), S, DHA 2 variety [55]
rice Cry1Ab field (2 years) P, DHA growth stage [56]

insecticide
maize Cry1Ab field N, DHA growth stage [57]
cotton Cry1Ac net house NH4, NO3, N, P 3 growth stage [58]

DHA
cotton Cry1Ac net house organic C growth stage [59]

N, P(2)
MBC, MBN, MBP

maize Cry1Ab field (7 years) C, N, texture [60]
cotton Cry1Ac field (3 years) N(2), P, DHA [61]
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Table 1. Cont.

Species Gene Growth Conditions Indicators Additional Factors References

cotton Cry1Ac greenhouse (4 years) C, N(3), P(2), S, DHA,
CAT [9]

Cry1Ac + CpTI MBC
rice Cry1Ac open air (pots) C(2), N(2), P, DHA growth stage [62]

cotton Cry1Ac pots org. matter, N, P, K growth stage [63]
C, N(2), P, DHA

maize Cry1Ab climate chamber DHA variety [64]
MBC, MBN

maize Cry1Ab climate chamber DHA soil type [65]
MBC, MBN

maize Cry1Ab field (5 years) C insecticide [66]
MBC crop rotation

cotton cry1Ac field N, DHA [40]
MBC

cotton CrylAc + CpTI field (2 years) N, P, DHA growth stage [67]
sugarcane Cry1Ac field C, N(2), P growth stage [68]

cotton Cry1Ac field pH, EC, org. C, NO3,
NH4, P, K fertilization [32]

MBC
cotton Cry1Ac field (6 years) C, N(3), P(2), S, DHA [10]

MBC
rice Cry1Ac field (8 years) org. C, N, P, C/N growth stage [53]

P, N, DHA, CAT
MBC, MBN

cotton Cry1Ac field (2 years) N, P(2), CAT growth stage [12]
MBC salinity

maize Cry1Ab field pH, org. C, NO3, NH4,
P irrigation [69]

C, N, P

poplar Cry1Ac, Cry3A field (5 years) pH, org. matter, N, P,
K growth stage [70]

cotton Bt field N, P, K crop rotation [71]
P, DHA

MBC
poplar Cry1Ah1 field (4 years) pH, N, P [11]

MBC, MBN, MBP
1 Microbial biomass (MBC, MBN, MBP). 2 Enzyme activity: element cycle (enzyme number). 3 Physicochemical
soil properties.

4.1. Insect-Resistant Transgenic Plants

Pot studies of Bt cotton (Cry1Ac) in India found no differences in NH4 [58] and
TOC [59] in soil. However, Bt cotton showed significant variations in available P, with
the availability levels both lower (in mid-vegetation) and higher (at the end of vegetation)
versus a control [58]. In another pot experiment conducted in China, Bt cotton with the
same gene (Cry1Ac) had no effect on the content of organic matter, total N, available N
or K throughout the growing period [63]. The study also noted a significant decrease in
available P in Bt cotton, although only during a flowering period.

According to a later short-term field study, Bt cotton did not show any significant
adverse effects on the physicochemical properties of soil as compared with non-transgenic
plants. Indian studies did not reveal any significant effect of Bt cotton on the content of
available N, P and K [71]. Studies in Pakistan showed that Bt cotton had no effect on pH
and EC, while its effects on other parameters depended on NPK fertilizers [32]. TOC did
not differ among treatments without fertilizers, but was significantly higher in two clones
in treatments with fertilizers. Phosphorus, conversely, did not differ among treatments
with fertilizers, but was significantly higher in all four clones in the presence of fertilizers.
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The content of available K in various clones, regardless of fertilizers, could be either higher
or lower than in the control [32].

The long-term field tests of Bt plants had ambiguous results. Field cultivation of Bt
maize for 7 years did not significantly alter the total C or total N, or the soil texture [60].
An 8-year cultivation of Bt rice did not bring any consistent changes in soil properties: the
control samples contained significantly less TOC and TN mid-season and significantly less
available P at the end of the season [53]. Long-term field tests of Bt poplar showed no
effect on the content of N [11,70]. The effect on P, however, differed: while the Bt poplar
showed no effect in one study [70], all five Bt poplar lines significantly reduced the content
of available P in another [11]. The authors suggest that transgenic trees had a negative
impact on the activity of phosphate solubilizing microorganisms and thus affected the
transformation of soil P. On the whole, cultivation of Bt plants did not change the physical
and chemical properties of soil; however, many researchers noted their influence on the
content of available P.

One- to two-year field tests revealed no effect on soil enzyme activities in crops such
as maize [57], sugarcane [68] or cotton [12]. In general, after a 4-year cultivation in the
field, there were no consistent significant differences in the activities of N-, P- and S-
cycle enzymes and DHA in maize with Cry1Ab or Cry3Bb1 genes and a non-transgenic
control [55]. Random significant differences were not stable and did not persist. A number
of studies reported the effect of Bt plants on individual enzymes. For example, acid and
alkaline PHOs were significantly increased in Bt cotton pots by the end of cultivation [59].
A 3-year cultivation of Bt cotton in the field had no effect on the activities of extracellular
enzymes, whereas the DHA activity increased significantly [61]. According to another
report, three field-grown Bt cotton clones significantly increased the urease and DHA
activities [40]. The authors believe that the increase in the DHA activity could be due to a
higher microbial activity stimulated by the increased root density in Bt cotton compared
with the control. On the other hand, field-grown Bt maize had no effect on urease but
significantly reduced the activities of BGL and acidic PHOs [69]. This indicates that some
bacterial species could have been inhibited and did not participate in the metabolic activity
of soil.

Unlike many studies, Chen et al. [9] showed an inhibitory effect of cotton with pest
resistance genes, when cultivated in pots in the greenhouse, on enzymes of the N, P and S
cycles, as well as DHA and catalases, with the BGL activity being the only one unchanged.
The authors explain the discrepancy in findings by the absence or too low levels of Cry
proteins in the soils of previous researchers. They attribute the reduction in enzyme
activities in the soil of transgenic cotton to decreased enzyme synthesis by microorganisms
or to a competition between the Cry1Ac proteins and the CpTI enzymes for adsorption sites
in soil. A subsequent field assessment showed a significant increase in the DHA activity in
soil growing Bt cotton and its significant inhibition after residue incorporation in soil [10].
Thus, similarly to its effects in the greenhouse, Bt cotton inhibited the growth and activities
of soil microorganisms. The observed stimulation of extracellular enzymes could have been
associated with the adsorption of Cry1Ac proteins on soil particles, the release of a certain
amount of enzymes and the increase in their activities. The increased enzyme activities can
accelerate the C, N, P and S cycles in soil and should therefore be considered as a potential
unintended risk of transgenic Bt cotton associated with adding its residues into soil [10].

Bt plants had ambiguous effects on soil microbial biomass. Devare et al. [17,54]
reported the absence of any significant effect of Bt maize with the Cry3Bb gene on MBC
after two or three years of field tests in the USA. Five-year tests of Bt maize with the Cry1Ab
gene also showed no effect on MBC [66], the same as 2-year tests of Bt cotton [12]. Nor were
there any differences in MBC and MBN after 8 years of growing Bt rice in the field [53]. On
the other hand, there were reports of microbial biomass stimulation in soil from Bt cotton.
Significantly higher values of MBC, MBN and MBP were found in soil from Bt cotton grown
in pots under net house conditions [59]. Field tests also confirmed the stimulating effect
of three Bt cotton lines on MBC in a layer of 0 to 15 cm, but only for one line in a layer of
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15 to 30 cm [40]. A significant increase in MBC in the field in one of four Bt cotton lines,
both with and without fertilizer, suggests that it was peculiar to this specific transgenic
genotype [32].

In contrast to those results, three and four years of greenhouse pot cultivation of Bt and
Bt+CpTI cotton resulted in a significant reduction in MBC, which indicates the inhibition
of microbial activity in the soil of transgenic plants [9]. Further field studies confirmed the
significant inhibition of MBC by Bt cotton plants [10]. Four-year field tests of Bt poplar
in China showed a significant effect on soil microbial biomass: in soil samples from all
five clones, MBC was significantly higher, while MBN and MBP were significantly lower,
compared with the control [11]. These changes modify the ability of soil microorganisms
to metabolize C, N and P and thus can ultimately affect the plant growth. The lower
MBN and MBP in the soil from Bt poplars indicates that soil microorganisms are stressed
by nutrient deficiencies. Moreover, there were also changes in the structure of the soil
microbial community. In a control, the MBC/MBN ratio was about 4.6, which indicates the
dominant role of bacteria; in Bt poplars, it was about 9.2, showing the predominance of
fungi [11].

4.2. Herbicide-Resistant Transgenic Plants

The cultivation of herbicide-resistant plants (Table 2) does not imply an a priori effect
on soil microflora, and a greenhouse-grown oilseed rape with the pat gene did not affect ARS
or MBN, although there were significant changes in the activities of invertase, phosphatase
and urease [72]. The latter were probably caused by changes in the composition and/or
concentration of root exudate due to unintended alterations in the transformation process.
The change in exudation is also evidenced by a high invertase activity in the rhizospheres
of senescent transgenic plants, which is indicative of increased sucrose concentrations in
the root zone [72].

Although herbicide-resistant plants occupy the largest part of GM crop areas, there
have not been many studies with them. This fact, however, is offset by the large scale of
those studies. Field tests in Canada and Brazil lasted for 3 to 9 years, were carried out on
several sites with different soil and climatic conditions, and included various management
systems and crop rotations (Table 2). In those studies, GMPs resistant to glyphosate or
imidazolinone showed no significant effect on MBC, MBN [73–76] or soil physicochemical
properties (Ca, Mg, K, organic matter, N, P, cation exchange capacity, Mn, Fe, Cu, Zn, soil
density and granulometry), except for pH [76] or enzymatic activity [73,74,77].

Table 2. Risk assessment of herbicide-resistant transgenic plants on soil quality.

Species Gene Growth Conditions Indicators Additional Factors References

oilseed rape pat greenhouse MBN growth stage [72]
C, N, P, S

wheat epsps field (4 years) MBC location [73]
canola DHA crop rotation
maize epsps field (5 years) MBC herbicide [74]

C crop rotation
soybean ahas field (3 years) MBC, MBN location [75]
soybean epsps field (3 years) MBC, MBN location [77]

C, P herbicide
soybean epsps field (8–9 years) pH, org. matter, N, P, microelem., texture location [76]

MBC, MBN

4.3. Disease-Tolerant Transgenic Plants

One of the first disease-tolerant transgenic plants authorized for commercial use back
in 1996 was virus-tolerant papaya expressing the coat protein gene of the Papaya ringspot
virus (PRSV) (Table 3). Studies on pot-grown papaya did not reveal any effect on pH,
organic matter, P, K, Ca or Mg, but the line showed a significant increase in EC, and a
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significant decrease in the content of N and S, 2.2 and 1.1 times, respectively [78]. Since most
parameters remained unchanged, the observed changes were attributed to the introduction
of litter and root exudates into the soil. Another study with virus-resistant papaya, however,
obtained different results. It also found no differences in pH and C, but nor did it find any
differences in N [78]. The possible causes might have been due to differences in cultivation
conditions or plant age (9 months and 9 years), as well as different genotypes used in these
two experiments.

Table 3. Risk assessment of disease-tolerant transgenic plants on soil quality.

Species Gene Growth
Conditions Indicators Additional

Factors References

papaya PRSV CP field pH, org. C, N [79]
papaya PRSV RP open air (pots) pH, EC, org. matter, N, P, K, microel. [78]

C(3), N(2), P(3), S, DHA, CAT
spruce ech42 greenh. (5 years) fungal biomass [80]
tobacco McChit1 chamber house pH growth stage [81]

N(2), CAT
wheat WYMV-Nib8 field (2 years) C, N, DHA growth stage [82]

location
melon AFP + CHI greenhouse pH, EC, org. matter, P, K [83]

C(2), N(2), P(2), S, DHA, CAT
oilseed rape NiC greenhouse C (2), N, P, S variety [84]

rice OsCK1 field pH, EC, org. matter, N, P, K, microel. growth stage [85]
potato Rpi-vnt1.1 field (2 years) pH, org. C, N, C/N variety [28]

fungicide
location

Pot cultivation of tobacco with a chitinase gene revealed significant pH fluctuations
compared with a control, possibly due to root exudates [81]. Recent field studies did not
find any effect on soil physicochemical properties in rice with the OsCK1 (cholinkinase)
gene resistant to rice pyriculariosis and bacterial blight [85], as well as in potato with
R-genes resistant to late blight [28].

Transgenic papaya also had a notable effect on soil enzyme activities [78]. A signif-
icant increase in activity was observed for alkaline PHO, ARS and invertase, while the
protease, polyphenol oxidase and urease activities showed a significant reduction. The
activities of acidic PHOs, cellulase, catalase and DHA did not change. The most sensitive
enzyme was arylsulfatase, which is involved in the S mineralization in soil; their level
grew 5.4 times in the soil of virus-resistant papaya [78]. This was due to the improved
growth of the transgenic line; the plant tissues produced more sulfur-containing papain
and chymopapain, which required enhanced immobilization of N and S. This, in turn, led
to significant differences in the content of N and S, as well as in the ARS activity. Changes in
the activities of other enzymes could have been caused by the impact of transgenic papaya
on the activity of microorganisms.

The effects of other disease-tolerant transgenic plants on soil biochemistry were in-
significant. Field tests of wheat resistant to wheat yellow mosaic virus were conducted for
2 years in two regions of China; cultivation of the GM wheat did not alter the activities of
urease, DHA or sucrase [82]. Chitinase-expressing tobacco grown in pots in the chamber
house had no effect on protease but showed some effect on catalase, although at the rosette
stage only, and on urease, at the stubble stage only [81]. Greenhouse-cultivated oilseed
rape plants with a chitinase gene showed no difference from their parent line in C, N,
P and S cycle enzymes [84]. Five-year-old white spruce plants (Picea glauca (Moench)
Voss), an important commercial species whose wood is used in construction and pulp
wood production, were evaluated in the greenhouse [80]. A transformation with the ech42
gene encoding endochitinase increased the enzyme activity in the spruce roots and root
exudates 6 and 2–10 times, respectively, compared to the control; however, the biomass
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of soil fungi did not change. As has been repeatedly noted in a number of studies, the
results of greenhouse assessments of the effects of transgenic trees on soil may differ from
those obtained in the field, and therefore long-term field tests are necessary for a conclusive
safety assessment of such plants.

4.4. Stress-Tolerant Transgenic Plants

Although transgenic plants with tolerance to abiotic stresses are still not common
in commercial plantations, their effects on soil have been studied for quite a long time
(Table 4). In greenhouse conditions, the roots of transgenic alfalfa plants overexpressing
the gene of nodule-enhanced malate dehydrogenase (neMDH)—which confers tolerance
to aluminum—produced 7.1 times more organic acids than a control [86]. Subsequent
field tests showed a significant increase in the content of P, K, Mn, Cu and Zn in soil from
transgenic plants, and a significant decrease in Mg; only the content of Ca and Fe did not
change [87]. These observations demonstrate that organic acids produced by plant roots
significantly affect the microbial diversity of the rhizosphere and increase the availability
of macro- and microelements.

Table 4. Risk assessment of stress-tolerant transgenic plants on soil quality.

Species Gene Growth Conditions Indicators Additional Factors References

alfalfa MDH field pH, P, K, micro [87]
potato DREB1A greenhouse C, N, P, S salinity [88]

tobacco MCM6 greenhouse P, DHA salinity [89]
rice PDH45 greenhouse pH, EC, org. C, N, P, K, microel., texture salinity [90]

N(2), P, DHA soil type
maize BADH greenhouse pH, EC, org. C, N growth stage [91]

C, N, CAT soil type
cotton CBF1 field (3 years) pH, EC, org. matter, N, P, K [92]
maize BADH field (3 years) C, N, DHA growth stage [93]

Greenhouse studies did not show any effect of salt-tolerant transgenic plants on the
physicochemical properties of soil. These properties (pH, EC, organic C, macro- (N, P, K)
and microelements (S, Ca, Mg, Na)), as well as soil texture and density, were not altered by
the cultivation of rice with a pea DNA helicase 45 (PDH45) gene [89]. No definite trends
in soil properties (pH, EC, organic C and N) were observed at any growth stage of two
lines of maize with a betaine aldehyde dehydrogenase (BADH) gene, either in neutral
or in saline–alkaline soil [90]. A 3-year field cultivation of abiotic stress-resistant cotton
containing Arabidopsis transcription factor CBF1 did not affect the soil pH, EC, organic
matter, P or K [91]. A significant reduction was found only in N, and only in the second
year out of three.

Multiple greenhouse studies did not show any effect of stress-tolerant transgenic
plants on soil enzyme activities. Two potato lines with a DREB1A gene did not alter
the activities of urease and β-glucosidase, although some differences were noted in the
activities of ARS and alkaline PHOs [87]. Those differences, however, were not confirmed in
the second test. Since alkaline PHO is produced only by soil microorganisms [43], changes
in its activity are due solely to changes in the microbial activity. These changes could have
been caused by fluctuations in temperature and other environmental factors, which could
have affected the soil microflora both directly and via changes in plant physiology, e.g.,
changes in the transgene expression levels [87]. The enzymatic activity of soil was also not
changed by the cultivation of various salt-tolerant transgenic species, such as tobacco [88],
rice [89] and maize [90].

4.5. Transgenic Plants with Modified Metabolic Pathways

An important area in plant genetic engineering is the modification of a crop’s qualita-
tive composition or the content of a certain component. The modifications are most often
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aimed to improve raw materials for the industry. Generally, a variety of metabolic pathways
can be modified in such plants (Table 5), and the resultant new substances or quantitative
changes in the existing ones can affect soil microorganisms. For instance, modification of
bioenergy crops is used to improve the conversion of lignocellulose biomass into biofuels
by manipulating genes of lignin biosynthesis because it is this complex phenolic polymer
that prevents access to fermentable polysaccharides [94,95]. Plants with a modified lignin
content/composition can affect the soil by altering the uptake of nutrients and/or the
composition of plant residues and root exudate [96,97]. Hybrid poplar trees (P. tremula ×
P. alba) with antisense CAD and COMT genes for inhibition of lignin biosynthesis were
grown in the field for 4 years [98]. The CAD line had significantly lower lignin content,
while the COMT lines had a significantly reduced S/G lignin monomer ratio. Yet, the
trees showed no effect on total C and N, or MBC in soil. The authors attributed this to a
spatial variability of soil properties in the field. Greenhouse cultivation of three tobacco
lines with suppressed CAD and COMT genes of lignin biosynthesis (separately or jointly)
did not alter the content of C, soluble carbohydrates or the C/N ratio in the roots, but all
the lines had significantly higher MBN [99]. As shown by the measured activities of soil
C-cycle enzymes, the cellulase activity in the soil of transgenic plants did not differ from a
non-transgenic control, but the roots of the CAD-suppressed line contained significantly
more N, and the invertase and xylanase activities were significantly higher in the soil of
this line.

Table 5. Risk assessment of metabolic engineered transgenic plants on soil quality.

Species Gene Growth Conditions Indicators Additional Factors References

poplar CAD, COMT (AS) 1 field (4 years) C, N location [98]
MBC

potato GBSS (RNAi) field (3 years) C(2), PER growth stage [100]
variety
location

potato cphA field (3 years) C(4), N(2), P growth stage [101]
rice pacrtB + pacrtE + field C, N(2), CAT growth stage [102]

pacrtY + pacrtI
soybean AtD-CGS field C, N [103]
tobacco CAD, COMT, CCR greenhouse MBN [99]

C(3)
potato GBSS (RNAi) 2 field org. matter growth stage [104]

location

rice AhSTS1 field pH, EC, org. matter, N, P, K,
microel. growth stage [105]

switchgrass COMT (RNAi) field (5 years) pH, org. matter, P, K, microel. [106]
switchgrass COMT (RNAi) field (5–6 years) organic C [107]

MYB
1 AS = antisense. 2 RNAi = RNA interference.

The possible effects of modified bioenergy crops on rhizospheric processes, especially
those related to C accumulation in soil, were assessed in a field study on two transgenic
millet lines (Panicum virgatum L.) with downregulation of caffeic acid 3-O-methyltransferase
(COMT) [106]. In the first two years, the plants did not affect the pH and concentrations
of 19 soil elements. The roots of 5-year-old plants did not differ in lignin content from
the control, but, due to a lower content of syringyl (S) monomers, the S/G ratio of the
two lines decreased by 40.1% and 42.7% versus the control. However, this did not affect
the total SOC content in the upper (0–15 cm) and deeper soil layers (15–30 cm) after
5 years of cultivation [102]. Since changes in SOC occur very slowly, the subsequent study
focused on the active fractions of SOC, namely, dissolved organic carbon (DOC) and
permanganate oxidizable carbon (POXC), which are more sensitive to changes [107]. In
addition to two lines with the suppressed COMT gene, the study also used three millet
lines overexpressing the PvMYB4 (MYB4) enzyme, the transcription repressor of many
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lignin biosynthesis genes. After 5–6 years of cultivation, there were no differences in
total SOC, DOC and POXC between the COMT and MYB4 lines and the control. Since
the aboveground biomass was removed at the end of each growing season, SOC was
only dependent on C coming from the roots [107]. The absence of differences in SOC
was probably due to the absence of changes in the lignin content in millet roots with
suppressed COMT [106]. It should be noted that the aboveground biomass cannot always
be removed in production systems; therefore, future studies should include assessments of
SOC dynamics at different rates of aboveground biomass removal [107].

Field tests showed that transgenic plants with the modified biosynthesis of less im-
portant compounds had an insignificant effect on soil properties. Soybean expressing an
Arabidopsis cystathionine-c-synthase gene, which increases the methionine content, had
no effect on the total C and N in soil, nor did it differ from a non-transgenic control in
the content of amino acids in root exudates [103]. Rice modified to produce resveratrol, a
non-flavonoid polyphenol, which is not normally synthesized in cereals due to the absence
of resveratrol synthase, had no significant effect on the soil pH, EC, available P, Ca, K,
Mg, and Na cations, total N and organic matter [105]. There was also no effect of such
plants on the activity of microorganisms. Potato modified to produce amylase-free starch,
which may be important for a range of industrial applications, had no effect on laccase,
cellulose and Mn-peroxidase [100], or on the microbial catabolic diversity [104]. Potato was
also modified to synthesize cyanophycin, a protein polymer used to obtain polyaspartate,
which is a biodegradable substitute for the synthetic polymer polyacrylate [101]. Potato
tubers left in soil for three winter seasons were shown to have no effect on six enzymes
representing the main pathways of the C, N and P cycles in soil.

5. Factors Influencing the Interaction of Transgenic Plants with Soil

Most studies have not shown any significant effect of transgenic plants on soil. Some
authors reported a number of significant changes but, for the most part, these were incon-
sistent and transient. The lack of result consistency is probably due to a large variety of
interactions among plant parameters (genotype, inserted gene, stage of development) and
multiple external factors. These factors include the location, main soil type and climatic con-
ditions, including weather changes during the season and from year to year (temperatures
and precipitation), which often explain most observed changes, as well as management
systems, which include the use of fertilizers and pesticides, as well as various crop rotation
systems [8,15]. All these factors can mask the effects of genetic modification, and it has
been repeatedly shown that their influence is greater than that of the transgenic status.

To assess the dynamics of changes in soil, one needs several samples taken during the
season, either at different stages of plant development or at certain intervals (which is a less
common practice). Rare reports of significant changes in pH, normally a very stable soil
parameter, were associated with season. Such findings were reported for pot-cultivated
tobacco with a chitinase gene [81] and for field-grown Bt poplars [70]. Supposedly, these
changes were caused not by the plants’ transgenic nature but rather by environmental
factors. A significant decrease in the content of N in the soil of Bt cotton in the middle
of the growing season [58] or that of available P during flowering [63] suggests higher
nutrient uptake at certain development phases compared to controls. Changes in TOC,
total N and available P depending on the growth stage were also reported for Bt rice [53]
and salt-tolerant maize [91]. They could have been caused by, e.g., increased growth.

A recent study by Chen et al. [108] did not investigate a limited number of elements
but rather performed a comprehensive profiling of the soil metabolomes of Bt maize and a
non-transgenic variety. Soil metabolomics profiling generated a total of 1730 compounds
that differed at each of the six growth stages. The degree of changes in metabolites increased
up to the fourth stage (heading), and then decreased. This was probably due to changes
in plant physiology in transition from vegetative to reproductive growth, which altered
the root metabolism. Despite obvious differences in the soil metabolic profiles of the
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two maize varieties, changes in the rhizosphere bacterial community were associated with
the development stages rather than with the genetic modification of plants [108].

A number of authors have reported that within-season changes in soil enzyme activ-
ities in Bt plants have little to do with their genetic transformation, but are more likely
caused by such factors as differences in the soil water content, temperature fluctuations,
use of fertilizers, etc. [55,62,68]. The small magnitude of the effect of transgenic status
on soil microbial communities, compared to that of growth stage, was also reported for
herbicide-resistant plants [8]. Since plants can alter their exudate composition depending
on their development stage, this may be another explanation for changes in soil microbial
activity during the season [109].

Long-term tests demonstrated significant effects not only of growth stage but also
of year, as was observed for Bt maize [17,66] and Bt cotton [9]. For example, a significant
reduction in MBC was observed in maize plants in a year with poorly distributed rain-
fall [54], while the highest MBC value was in the hottest year in a five-year study [74].
Moreover, not only were the growing season conditions important, but also those of the
winter. The activities of enzymes involved in the cycles of C, N and P significantly differed
among three winter periods when cyanophycin-producing GM potato tubers were left
in soil [105].

Classical breeding varieties are often obtained by crossing various genotypes within, or
sometimes between, species, which leads to a large genetic diversity. It is obvious that such
varieties can have a significant impact on soil, incomparable with that of a variety obtained
by the insertion of one transgene. In most cases, the effect of transgenic modification
was found to be insignificant compared to the variability among varieties obtained by
traditional breeding. For instance, the effect of Bt maize was within the variation range of
the effects of ten conventional varieties [64]. In the study by Khan et al. [84], two oilseed
rape varieties significantly differed in the activities of BGL (2.3 times) and ARS (1.5 times),
while transgenic plants did not differ from their parents belonging to different varieties.

Fluctuations in the soil content of organic C and macroelements due to the cultivation
of transgenic plants could be dependent on the availability of nutrients and water. Field
tests with Bt plants showed a significant increase in P under dry land conditions [69]
or a significant reduction in NO3 and P without the use of fertilizers [32]. Possibly, the
differences between transgenic and non-transgenic plants appeared only under stress
(drought or nutrient deficiencies) and disappeared under favorable conditions. Small
changes in pH at the end of a greenhouse experiment with a transgenic melon [83] were
associated with changes in the soil buffer capacity due to added fertilizers. Organic
amendments added to the soil were reported to have changed the microbial activity and
the bacteria-to-fungi ratio [110]. According to [111], the physicochemical properties of soil,
its microbial biomass and activity were sensitive to the introduction of N and P, and the
response largely depended on the rate of their application.

Along with the decomposition of organic compounds and nutrient cycling, soil mi-
croorganisms are also responsible for the decomposition of pesticides [75]. Therefore, when
evaluating GMPs with such traits as resistance to pests, herbicides or diseases, it is also
important to take into account the effects of new technologies involving the use of new
pesticides or reducing the doses and number of treatments with the old ones. Studies with
Bt crops showed no differences among transgenic, control and insecticide-treated control
plants in MBC [54], PHO [56], or MBC and BGL [66]. Other studies demonstrated signifi-
cant differences in MBC [17] or DHA [57], but those differences were not stable during the
season or from year to year. The absence of differences between the effects of imazapyr and
conventional herbicides on MBC and MBN in the field was confirmed in various soil and
climatic conditions covering the main biomes of Brazil [75]. A fungicide treatment of potato
plants with late blight resistance also had no effect on the physicochemical properties of
soil in 2-year field trials in Ireland and the Netherlands [28].

Large-scale studies, which included the assessment of a number of factors, such as
site location, management system and growth stage, demonstrated their greater impact
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on soil compared with that of an inserted transgene. The effects of glyphosate-resistant
plants on soil microorganisms were minor and inconsistent compared to the effects of
growing site location and crop rotation [73]. The effect of glyphosate-resistant soybean on
soil microbial biomass was insignificant compared to those of site, growing season and
soybean cultivar [76]. The potato plant growth stage and field location affected the soil
enzyme activities more than the starch modification of tubers [100]. Compared to harvest
year, plant growth stage and cotton cultivar, the pest resistance trait had a negligible
effect on the activities of DHA, urease and phosphatase in soil [67]. The year and stage of
growth significantly affected the urease, DHA and sucrase activities in the field trials of
virus-resistant wheat [82].

In hybrid poplar (Populus alba × P. tremula) expressing a prokaryotic tzs gene, the
level of cellular cytokinin (trans-zeatin) increased 20-fold, which caused an increase in the
aboveground biomass and a number of changes in the plant growth, development and
biochemical composition [112]. Field tests of three poplar lines were carried out in three
locations in South Korea that differed significantly in pH, NPK content and soil texture [113].
A significant difference in microbial biomass was found in one of the three locations and in
one clone. The change was possibly caused by the genetic transformation (changes in the
composition of exudates), but it was temporary and associated with location and genotype.

6. Effects of Transgenic Plant Residues

Decomposition of plant residues is a key function in element cycling, and any change
in their composition can affect the functions of soil [15]. There were reports of unintended
effects such as a 33% to 97% increase in the lignin content in maize [114], changes in the
C and N content [66,104], and increases in the underground [65] and aboveground [53]
biomass. Most studies of litter decomposition have assessed the decomposition rate by
measuring weight loss and C emission, and only a few assessed the effects on microorgan-
isms. In the study by Wu et al. [115], PHO was insensitive to the decomposition of Bt rice
straw, which contained significantly more N, P, K and unchanged C. At the same time, the
activity of DHA sharply increased in the initial phase of the experiment (the first two weeks
out of 12). The higher content of macronutrients in the Bt straw possibly contributed to
the significant growth of the microbial population, but the effect was temporary. The effect
instability was also noted in [116], where they studied the decomposition of salt-resistant
maize straw in neutral or in saline–alkali soil for 7 months. The transgenic straw did not
differ from the control in cellulose and lignin, but its C/N ratio was lower. The early stage
of its decomposition was faster in the saline–alkali soil and this significantly increased MBC
and MBN; by the end of the experiment, however, there were no differences in microbial
biomass between the transgenic straw and control. Potato tubers with modified starch
composition did not differ in the content of lignin, cellulose and non-cellulose polysac-
charides [117]. When they were left to decompose in litterbags in the growing soil, there
were significant differences from the control in the activities of laccase, Mn-peroxidase and
cellulose. It is not clear, however, if the enzymes in the residue sphere were produced there
or were leaching out of the bags.

Of particular interest is understanding how soil processes are affected by litter from
transgenic trees that grow in one place for a long time. Stems and roots with a modified
lignin composition were shown to initially decompose faster due to a lower protection
of labile plant components from enzymatic attack [94,118]. Trunk segments of 4-year-
old poplars with suppression of lignin biosynthesis genes CAD and COMT were left to
decompose in soil from three different locations [119]. After 552 days of the experiment,
the adhering layer of soil (detritisphere) was analyzed for MBN. While the original wood
samples did not differ in C and N, there was a significant difference in soil MBN by the end
of the experiment. However, the effects of the genetic transformation on MBN were not
consistent across different soils. Fungi are known to have a more important part to play
than bacteria in litter decomposition [120]. A study by Vauramo et al. [121] determined
the fungal biomass in decomposing leaves from birch with an antifungal chitinase gene.



Plants 2022, 11, 2439 15 of 22

The C/N ratio in the transgenic leaves did not differ from the control, and the 11-month
experiment failed to find any effect on the fungal biomass.

In hot climate countries, plant residues can be used as mulch to preserve moisture in
the soil, control weeds and improve nutrient availability [122]. The effects of Bt cotton mulch
on soil properties (pH, EC, macro- and microelements), weed growth and productivity
of winter crops—wheat, Egyptian clover and canola—were studied in Pakistan [123].
Toxins released by Bt mulch reduced weed density, but negatively affected the winter crop
productivity and did not significantly affect the properties of soil. This should be taken
into account when selecting crops for rotation.

7. Future Prospects

To date, the effects on soil processes have been studied for GMPs with various traits
(Tables 1–5). A large number of greenhouse and field studies were carried out to identify
possible deviations from non-transgenic plants, which also assessed a number of factors
related to both the plant (growth stage, genotype features) and growing conditions (site
location, changes in management systems). In most reports, the detected changes were
within the limits of statistical error, and in the case of statistical significance, they were
most often temporary and were not reproduced at the next sampling in the season or the
next year. No specific effect of a particular type of transgenic plant (e.g., pest or herbicide-
resistant) has been identified, and the lack of generally accepted experimental design and
evaluation criteria makes such comparison difficult. For example, some researchers noted
the effect of Bt plants on the content of available P, but this could also be caused by increased
growth, and biomass was not always measured. In general, no unequivocally negative or
positive effect of any transgenic genotype on the physicochemical or microbial properties
of the soil has been shown. However, some groups of transgenic plants or their possible
effects have not been given due attention, and research in these areas can be expanded.

The development of transgenic plants with increased productivity by improving
the nutrient use efficiency or photosynthesis is a popular area in plant genetic engineer-
ing. A wide range of genes and approaches have been applied to improve the plant
use efficiency of N [124,125], P [126] and other nutrients [127,128], as well as to optimize
photosynthesis [129,130]. Such plants would of course need more nutrients for increased
biomass production, yet their impact on soil processes has barely been studied and further
research is needed. Our group studied the effects of transgenic birch and aspen plants
with the pine glutamine synthetase GS1 gene on the physicochemical properties, enzyme
activity and microbial biomass of soil. Four-year pot experiments showed that transgenic
plants differed in growth rate and C and N content, but differences in enzyme activity
and microbial biomass were temporary and inconsistent. However, by the end of the
experiments, we observed a decrease in soil K, possibly due to its enhanced uptake to
neutralize secondary NH4 reassimilated via glutamine synthetase (unpublished data).

In addition to common substances such as carbohydrates, proteins, organic acids
and amino acids, root exudates of some plants may contain allelochemicals involved in
rhizospheric interactions between plants and other organisms [131]. These substances can
also affect soil microorganisms. The neem tree (Azadirachta indica Juss) from tropical Asia
contains a number of allelochemicals, the most toxic of which is the alkaloid azadirachtin,
which has insecticidal activity [132]. When added into soil, azadirachtin granules did
not affect DHA but significantly altered the PHO activity: increased at the recommended
dose (1×) and inhibited at five times (5×) the recommended dose [133]. For environmen-
tally safe weed control, it was proposed to use allelopathic rice capable of inhibiting the
growth of neighboring plants [134]. This is achieved owing to root exudates containing
allelochemicals, the most important of which is flavone O-glycoside. In different growth
phases, the effect of allelopathic rice on soil enzymes (DHA, polyphenol oxidase, urease
and invertase) was positive or neutral, although the flavone O-glycoside concentration in
soil was always about five times that in control. The potential mechanism of this effect
remains unclear [134].
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The influence of genetic transformation on changes in the composition and/or content
of allelochemicals is still poorly understood. This issue takes on particular importance with
regard to artificial tree plantations, where a prolonged cultivation and the dominance of one
species can lead to the accumulation of allelochemicals to toxic levels [135]. Allelopathic
tree species include, among others, some important fruit (walnut) and forest (eucalypts,
some coniferous species) species [136]. Eucalypt species are currently the most important in
the plantation forestry. They are widely used for genetic transformation, and a fast growing
eucalypt was approved for commercial use in Brazil in 2015 [137]. Most eucalypt species
are known to have an allelopathic influence in nature [138]. To date, allelopathy tests
for environment biosafety have been conducted on salt-tolerant eucalypts overexpressing
various genes [138–140] and on eucalypt with reduced lignin content [141]. The tests
assessed lettuce seed germination on agar with added dried leaves (sandwich method) or
in soil used in growing transgenic eucalypts. The abundance of microorganisms and their
function were not studied, so further research should be conducted.

Long-term cultivation of GMPs, particularly the woody ones, in one place can affect
not only the very labile microbiological parameters (enzyme activity, microbial biomass),
but also such lengthy processes as the decomposition of plant residues, mineralization
of organic matter and accumulation of soil carbon. Unlike the case with annual crops,
both root exudates and residues of trees can accumulate in soil, and even minor changes
can build up over time. However, long-term field tests are quite expensive and time-
consuming and they still cannot take account of all possible soil and climatic conditions
in which the plants can be grown, as well as various applicable management systems.
Meanwhile, long-term effects on soil can be assessed using a mathematical modeling of
various scenarios. For example, modeling of the 30- and 60-year cultivation of transgenic
aspen plantations with a modified wood composition under Northern Eurasia conditions
showed 5–7% changes in soil C and N pools, which do not exceed the effects of a standard
silvicultural management [142].

Unfortunately, there have been virtually no studies that have simultaneously assessed
the effects of transgenic plants on the quantitative (microbial biomass), functional (soil
enzymes) and qualitative (diversity) characteristics of microbial communities. Conducting
such studies would help towards a better understanding of the relationships between the
diversity and functions of microorganisms in soil used to cultivate transgenic plants.
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