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Abstract
Background: Poly-3-hydroxybutyrate (P3HB) is a bacterial intracellular carbon and energy storage
polymer, used as a thermoplastic polyester in a wide array of industrial and agricultural purposes.
However, it has been relatively unexplored how are the soil microbiome and fertility altered by
exogenously applied P3HB. This study aimed to assess the effects of P3HB addition to nutrient restricted
soil: its biological properties and lettuce (Lactuca sativa L. var. capitata L.) biomass production. The
experiment was designed to the evaluate impacts of spatial arrangement of the relatively organic-rich
(soil organic matter, P3HB particles) versus poor fractions of the matrix with confounding factors such as
variable microbial biomass, inherent nutrient/energy status, different water relations (due to variable
hydrophysical properties of soil augmented by sand at different ratios).

Results: The results revealed that P3HB induced inconsistent to contradictory changes in the microbial
abundance as well as in most enzymatic activities depending on the sand content. On the other hand,
dehydrogenase and urease activities as well as basal and substrate induced soil respirations were mostly
enhanced by P3HB addition. Nevertheless, P3HB significantly inhibited lettuce biomass production.

Conclusions: We concluded that the P3HB introduction to soil boosts the microbial activity owing to the
preferential utilization of P3HB as C source, which depletes soil N and strongly inhibits the plant growth.
There was an enhanced microbial activity in P3HB amended soils with high sand content (60–80%),
which suggested that in nutrient impoverished soil P3HB can temporarily replace SOM as a C source for
microbial communities due to the shift of their structure to preferentially P3HB-degrading microbiome. 

Background
The non-degradable polymers derived from fossil fuels are in routine use worldwide. In face of the
climate change and its environmental implications, the use of biodegradable polymers has been
advocated recently [1, 2]. This has resulted in the increased production of various biodegradable
polymers, such as polyhydroxyalkanoates (PHAs) and the most common type, poly-3-hydroxybutyrate
(P3HB, for purpose of this publication), with presumably little or no negative effects on the environment.
P3HB is a bacterial intracellular C and energy storage polymer, belonging to a family of biopolyesters
polyhydroxyalkanoates (PHAs) [3]. PHAs are characterized by technologically promising properties such
as biodegradability, biocompatibility, thermoprocessibility, and flexible strengths [4]. PHB depolymerase
enzymes are responsible for the biopolymer degradation [5] to monomer 3-hydroxybutyric acid which is
completely microbially utilized [6, 7]. PHB has been further characterized as biodegradable under both
aerobic and anaerobic conditions [8, 9], which adds a further plus to its utilization in a wide range of
applications. 

Given their advantages, biodegradable polymers are commonly used in agriculture [2, 10] as cover films
(mulching), bands of sowing, in pots and containers and other horticulture materials and tools, for the
controlled release of agricultural chemicals and fertilizers [11, 12]. Owing to the wider use in daily
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products, other sources are similar in case of conventional plastics, i.e., compost, sewage sludge,
irrigation, street runoff, littering and atmospheric deposition [11-13]. By their degradation, the bioplastic
particles are released into the soil, where their non-toxic character is assumed. However, up to now, the
information on the influence of the PHB on soil quality and plant growth is scarce which demands for
further studies.

Zhou et al. (2021) studied soil microbial community structure, growth, and exoenzyme kinetics in
hotspots formed around microplastics of poly(3-hydroxybutyrate-co-3-hydroxyvalerate) (PHBV) [14]. They
observed that the addition of PHVB increased microbial activity and enriched specific bacterial taxa.
Similar results have been observed by Deroiné et al. (2015) in marine aquatic and sand environments
[15]. On the contrary, Sang et al. (2004) observed reduced microbial activity in both environments [16].

So far, only few studies have focused on the effect of PHB amendment to soil on plant growth and they
reported harmlessness of PHBV to maize (Zea mays L.) [17]. However, Mierziak et al. (2020) found that
an increase in content of 3-hydroxybutyrate (3-HB), a degradation product of PHB, in transgenic flax
(Linum usitatissimum L. cv. NIKE) or after control plants treatment with 3-HB resulted in upregulation of
genes involved in chromatin remodeling and activation of DNA de-/methylation [18]. These changes were
targeted to structural genes such as the phenylpropanoid pathway. Phenylpropanoid biosynthetic
pathway is activated under abiotic stress conditions as the phenolic compounds are attenuating the
harmful impact of reactive oxygen species [19]. For example, drought stress in maize is accompanied
with accumulation of phenylpropanoid [20]. Therefore, impact of excessive 3-HB in the soil environment
on the plant ability to respond abiotic stress may be considered. In transgenic plant Camelina sativa
designed to produce PHB in the plastids of seeds, high (up to 15% of mature seed weight) PHB
production had varying effects on germination, emergence, and survival of seedlings; however, the
survival was predominantly reduced [21]. Such finding also indicates the potential adverse impact of
higher PHB levels in plants.

Under favorable conditions, the biodegradable plastic degrades fast within weeks to months [22]. These
conditions occur mainly in favorable areas having soils with higher content of soil organic matter (SOM)
and nutrients, higher microbial activity, C turnover, water saturation. However, in regard to current
spreadout of soil degradation and SOM deficiency in soils, plastic particles may promote undesirable soil
aggregation, which reduces the accessibility of organic matter to soil microbes [23], changes the
proportion of soil nutrients [24], and subsequently could decrease plant primary production due to
negative influencing of soil food web [25]. As a result, soil quality and productivity decreases which
includes a decrease in microbiological activity, deceleration of nutrient turnover and a decrease in SOM
content [26]. To continue the biodegradation of bioplastics, which are composed mostly of C, H and O, the
degrading organisms presumably exploit other sources of nutrients in soils including those normally used
by other biota including plants. The scenario of bioplastics degradation under changing conditions of soil
is hard to predict or model and only partial information on these processes are currently available,
especially the soil textural differences for plastics biodegradation should be further considered. 
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Therefore, the aim of this study was to test the influence of introduction of P3HB into the arable soil and
its effects on the soil quality and fertility at different levels of sand load. Increasing sand content
represents a trajectory of soil degradation – a decrease in SOM, nutrient content, and different
hydrophysical conditions represent a model of declining soil quality. Therefore, using sand, the number of
biodegrading microorganisms and fungi in the arable soil was diluted and the conditions for
biodegradation were changed. The study aims to answer the following questions: 1) how and to which
extent the soil fertility and microbial communities are affected by the P3HB amendment? 2) How the
dilution influence on soil fertility and microorganisms' activity proportionally? 3) How will the increasing
sand proportion influence the activity of the microorganisms after P3HB amendment? 

Materials And Methods
Experiment design

The growth substrates used for the pot experiment were prepared by mixing a fine quartz sand (0.1–1.0
mm; ≥95% SiO2) with an arable soil. The soil was a silty clay loam (USDA Textural Triangle) Haplic
Luvisol (WRB soil classification) sampled (0–15 cm) near the town Troubsko, Czech Republic
(49°10’28”N 16°29’32”E). The soil properties were as follows: soil macronutrients (g·kg−1)—total C 14.0,
total N 1.60, P 0.097, S 0.145, Ca 3.26, Mg 0.236, K 0.231; N forms (mg·kg−1)—Nmineral 62.8, N-NO3 56.8,
N-NH4 6.04; pH (CaCl2) 7.3.

To remove the coarse particles, the soil was sieved through a sieve with mesh size 2 mm. The sieved soil
was mixed with the sand in the following weight ratios: (I) 100% soil; (II) 80% soil + 20% sand; (III) 60%
soil + 40% sand; (IV) 40% soil + 60% sand; (V) 20% sand + 80% soil; (VI) 100% sand. Each treatment was
prepared in two scenarios: (A) with 1 wt% P3HB; (B) without any amendment (control). In total, 6
treatments were prepared. One kg of each thoroughly mixed growth substrate type was used to fill
experimental plastic pots (volume 1 L, top diameter 11 cm, bottom diameter 9 cm, height 13 cm). Each
treatment was carried out in 3 replicates (pots). 

The pot experiment with crop lettuce (Lactuca sativa L. var. capitata L.) cv. Brilliant took place according
to the following controlled conditions: cultivation in growth chamber—full-spectrum LED lighting, intensity
20 000 lx; photoperiod 12 h; temperature 18/22 °C (night/day); relative humidity 70%. A two-day sprouting
of the lettuce seeds on wet filter paper preceded sowing to the depth of approximately 2 mm in each pot.
After sowing, each pot was watered with 100 mL of distilled water. The 10-day-old seedlings were
reduced to only one plant (the most robust) per pot. Pot placement in the growth chamber was
randomized. Manual watering of each pot with 50 mL of distilled water was done every other day. Soil
humidity was controlled, and water content was maintained during the experiment. The pots were
variably rotated once per week. The plants were harvested 8 weeks after sowing. 

The lettuce shoots were cut at ground level, and the roots were gently cleaned of soil and washed with
water. The lettuce shoots and roots were dried at 60 °C to a constant weight, and dry aboveground and
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root biomass were estimated gravimetrically by weighing on the analytical scales.

Soil analysis

A mixed soil sample was taken from each pot after harvesting the lettuce. Soil samples were
homogenized by sieving through a sieve with mesh size 2 mm. Air dried samples were analyzed for pH
[27]. Freeze-dried samples were used for the analyses of enzymatic activities: β-glucosidase (GLU),
arylsulfatase (ARS), phosphatase (Phos), urease (Ure) and N-acetyl-β-D-glucosaminidase (NAG) [28]. The
samples stored at 4 °C were used for determination  of dehydrogenase activity (DHA) [29], soil basal
respiration (BR) and substrate induced respirations (IR) – D-glucose (Glc-IR), D-trehalose (Tre-IR), N-acetyl-
β-D-glucosamine (NAG-IR), L-alanine (Ala-IR), L-lysine (Lys-IR) and L-arginine (Arg-IR) [30] using
MicroResp® device (The James Hutton Institute, Scotland). 

DNA Extraction and Real-Time qPCR: DNA was extracted from 0.5 g of freeze-dried soil sample using the
E.Z.N.A.® Soil DNA Kit (Omega Bio-tek, USA). Isolated DNA was quantified using Nanodrop One (Thermo
Scientific, USA). The SYBR-Green platform was used on a CFX96 Real-Time PCR detection system (Bio-
Rad Laboratories, USA). Real-time PCR was performed to quantify partial bacterial (16S rDNA) and fungal
(18S rDNA) genes coding for ribosomal RNA, and gene phaZ (coding for polyhydroxybutyrate
depolymerase) in soil DNA extracts. The primers used were 1108F (5′ ATGGYTGTCGTCAGCTCGTG 3′)
and 1132R (5′ GGGTTGCGCTCGTTGC 3′) for bacteria [31], FF390 (5′ AICCATTCAATCGGTAIT 3′) and FR1
(5′ CGATAACGAACGAGACCT 3′) for fungi [32], PHBf (5′ CGTCTACCGCAACGGCACCAAGG 3′) and PHBr (5′
TGGGCGTAGTTGCTGGCCGT 3′) for phaZ [33]. 

Statistical analysis

Data processing and statistical analyses were performed using freely available software R, version 3.6.1.
[34]. For characterization the relationship between the treatments and selected soil properties it was used
principal component analysis (PCA), multivariate analysis of variance (MANOVA at 0.1% significance
level) and one-way analysis of variance (ANOVA) type I (sequential) sum of squares at 5% significance
level [35]. For detection the statistically significant difference among factor level means, it was used
Tukey’s HSD (honestly significant difference) test and “treatment contrast” to calculate factor level
means for each treatment. The results were also graphically presented with Rohlf biplot for standardized
PCA. Pearson correlation analysis was performed for measuring the linear dependence between soil
properties. Pearson correlation coefficient was interpreted as follows: 0.0 < r < 0.3 (negligible correlation),
0.3 < r < 0.5 (low correlation), 0.5 < r < 0.7 (moderate correlation) and 0.7 < r < 0.9 (high correlation), 0.9 < r
< 1.0 (very high correlation) [36].

Results
Soil microbial communities
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As expected, the effect of P3HB on 16S rDNA was variable depending on the sand content (Figure 1A). At
0–40% of sand, the P3HB effect was neutral to negative, while at 60–100% sand content, the effect was
neutral to positive. In control, the effect of soil dilution by sand on 16S rDNA was significant from 60% of
sand. The similar patterns were found for 18S rDNA (Figure 1B), however, the neutral to negative effect of
P3HB prevailed until 60% of sand. In control, the effect of sand was more significant as already 20% of
sand significantly reduced 18S rDNA. Presence of P3HB had neutral to positive effect on PHB-degrading
microorganisms in all growth substrates (Figure 1C). Furthermore, presence of P3HB alleviated the
negative effect of increasing sand content (up to 80%). 

Soil enzyme activities

DHA was significantly higher in P3HB-amended variants (Figure 2A). The only exception was 100% sand
variant with barely detectable DHA regardless of P3HB presence. The increasing proportion of sand
predominantly led to a decrease in DHA despite its moderation to stimulation by P3HB between 60–80%
of sand. The effect of P3HB on ARS was ambiguous depending on the sand content (Figure 2B). At 0–
40% of sand, the P3HB effect was neutral to negative, while at 60–100% of sand, the effect was neutral
to positive. In the case of NAG, the P3HB effect was not clear as well, however, it was rather positive as
four P3HB-amended variants had significantly increased NAG values (Figure 2C). 

P3HB increased Ure in all the variants (Figure 2D). Decrease in Ure values related to increasing sand-soil
ratio was noticeable in controls; in the P3HB-amended variants, the variability was greater, but with an
overall decrease. P3HB-amendment decreased GLU at 0–60% of sand (Figure 2E). The effect of P3HB on
Phos was differentiated depending on the sand content (Figure 2F). At 0–40% of sand, the P3HB effect
was neutral to negative, at 60–100% of sand, the effect was positive. In general, the increasing proportion
of sand caused a significant gradual decrease in ARS, NAG, GLU and Phos (Figure 2).

Soil respiration 

P3HB amendment significantly increased BR at 0–80% of sand (Figure 3A). In addition, BR increased
with increasing sand content (up to 80%) in the presence of P3HB. Except for pure soil and sand variants,
P3HB had a positive effect on Glc-IR (Figure 3B). In contrast to the control, the presence of P3HB
stabilized or even increased Glc-IR with increasing sand content up to 80%.

P3HB significantly increased NAG-IR in all variants containing soil (Figure 3C). In addition, the negative
effect of increasing sand content on NAG-IR in the control contrasted with P3HB amended variants up to
a sand level of 80%. The same trend was visible in Tre-IR (Figure 3D) as both respirations highly
correlated (Figure S1). P3HB effect was positive as well, except pure soil and sand variants. The results'
trends of Ala-IR and Lys-IR (Figure 3E, G) followed the results of Glc-IR and Tre-IR as is also reflected by
their positive significant correlations (Figure S1).

Arg-IR slightly differed compared to other respirations (Figure 3F). The effect of P3HB was neutral to
positive as well, however, the respiration increase with increasing sand content in the presence of P3HB
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was not recorded. Although there was a significant increase in Arg-IR at 20% of sand, further sand content
increase was followed by unchanged or decreasing Arg-IR.

Plant biomass

Fresh and dry aboveground plant biomass (Figure 4A, B) as well as dry plant root biomass (Figure 4C)
were seriously negatively affected by P3HB as all soil containing variants showed significantly lower
values compared to the control. The only exception was 100% sand variant, which had similar negative
effect on plant biomass production regardless of P3HB presence. In control, decreasing plant biomass
production followed increasing sand content; in P3HB-amended growth substrates, this trend was
suppressed.

Discussion
Effect of P3HB on soil microbial activity

The microbial behavior after addition of P3HB was similar as after PHBV addition [14] with specifics
caused by dilution of soil or SOM by increasing sand content. The effect of P3HB on 16S rDNA and 18S
rDNA was ambiguous, as P3HB addition reduced, increased, or did not affected bacterial and fungal
content (Figure 1A, B). The results suggest that the mechanism of their interaction and resulting effect
may be related to changing physical and chemical properties of soil (see further discussion). PHB-
degrading microorganisms (Figure 1C), on the other hand, were predominantly positively affected by
P3HB addition to soil. This increase is probably directly related to the supply of the preferred energy
source in the form of a biodegradable polymer [5, 37]. Due to the suppression of the influence of P3HB in
the sandy (100%) substrate due to the assumed negligible content of SOM and microbiota (Figure 1), we
do not discuss this variant in this chapter.

The individual enzymatic activities shed light on the processes occurring in soil after addition of P3HB.
Ure is an important extracellular enzyme that hydrolyzes urea and regulates the early nitrification process
in soil and is closely related to the SOM content [38]. Therefore, it is related to the N availability. Ure is the
only enzyme that showed disproportional decrease with increasing sand content (Figure 2) as in soils
without P3HB. This indicates that the P3HB enhanced the Ure activity independently of SOM content and
thus, P3HB can replace (temporarily) the SOM in sandy soil. 

The P3HB is composed of C, O and H, therefore, for its microbial degradation is necessary the
immobilization of essential nutrients (mainly N and P) [14, 39]. This comes from the notion that an
optimal C:N ratio in soil is around 25 [40]; above this value N is immobilized and below this value is N
mineralized [41]. In this work, P3HB application most likely increased soil C:N ratio. During
biodegradation, this increase caused N shortage around PHB particles, and the microbes immobilize N
from their environment [42]. This generally results in a decrease in plant-available N in soil. If there is no N
to immobilize, microbial growth is slowed down. By addition of P3HB is the C:N disturbed, while the
disruption seems to be the most pronounced in samples with low content of SOM. Noteworthy, the
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disbalance in C:N ratio influences the soil organisms in a different way; fungi have wider C:N ratios in
their tissues than bacteria and archaea and therefore, they can grow more efficiently on low N substrates
and will thus mineralize N more readily. This is also the case of PHB, which is biodegraded preferably by
fungal communities at the phylum level dominated by Ascomycota [43]. The product of Urea hydrolysis is
CO2 and NH4

+, the latter is either used by plants or microbes, which can eventually convert it into NO3- via
nitrification processes [44] However, nitrification rates are typically low as the nitrifiers are relatively poor
competitors for NH4

+ in the soil solution and occurs when the NH4
+ supply exceeds plant and other

heterotrophs demand [45]. As the plant growth was largely suppressed under P3HB addition (Figure 4), it
can be anticipated that majority of NH4

+ was used for growth of soil microbes, especially of PHB-
degrading microorganisms (Figure 1C).  This enhanced consumption of ammonium nitrogen putatively
more decreased the content of plant available, inorganic nitrogen, similarly as referred to polylactic acid
(PLA) contaminated soil during vegetative state of bean [46]. This hypothesis is supported by the
enhanced Ure activity (Figure 2D) and high correlation of Ure activity with the total degradation level
indicated by DHA and PHB-degrading microorganisms (Figure S1). In addition, Zhou et al. (2021) reported
an increased activity of Acidobacteria and Verrucomicrobia phyla in soils degrading PHBV [14]. In fact,
neither Acidobacteriota [47] nor Verrucomicrobia [48] are involved in soil N-cycle processes such as
nitrification, denitrification, or nitrogen fixation. Thus, it can be concluded that N (or its vast majority) is
used for growing of microorganisms’ population. 

This finding confirms the earlier assumption of Hoshino et al. (2001) who explained better correlation of
the biodegradable polymers degradation with the total N content than with the total C content by the
necessity of soil N for the degradation by microorganisms as it is absenting in bioplastics [49]. 

Importandly, unlike the Ure the phosphatase activity showed proportional results in terms of sand content
(Figure 2F). Phosphatase is an extracellular enzyme that mineralizes organic P into phosphate by
hydrolyzing phosphoric (mono) ester bonds [50]. Similarly as all extracellular phosphatases, enzyme
expression is induced by P deficiency [51]. Notably, Figure 2F shows higher demand for P in soils
containing P3HB and high sand content comparing to soils with lower sand content. 

DHA is a basic indicator of microbial activities coupled with SOM degradation in soil [52]. The most
important function of DHA is the biological oxidation of SOM, achieved by transferring protons and
electrons from organic substrates to inorganic acceptors [53]. For this reason, DHA positively correlates
with SOC and Corg as it reflects the activity of living cells and not of DHA stabilized in soil complexes [51].
This explains its positive correlation with other microbe-related soil properties (Figure S1). In addition,
significantly increased DHA values in P3HB-amended variants (Figure 2A) assumed that PHB addition
enhanced soil degradation rate due to its utilization as an energy/C source (Bonartseva et al., 2003;
Rizzarelli et al., 2004; Zhou et al., 2021). This assumption was confirmed especially by the prevailing
increase in PHB-degrading microorganisms (Figure 1C) and their high positive correlation with DHA
(Figure S1). 
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ARS is involved in the S mineralization process which cleaves organosulphates [54] and is used as a
measure of soil health and soil microbial activity [55]. ARS activity is correlated with soil microbial
biomass and the rate of S immobilization [56], pH and SOC [57]. Here, similarly as phosphatase, its
activity is elevated in sandy soils (>60% sand) with P3HB (Figure 2B), which reflects higher demand for
immobilization of S in less buffered system. 

NAG is an enzyme catalyzing the hydrolysis of terminal 1,4 linked N-acetyl-beta-D-glucosaminide residues
in chitooligosaccharides, i.e., it is involved in degradation of chitin, the key polysaccharide of fungal cell
wall [58]. Its activity was enhanced in most P3HB-amended variants (Figure 2C), which underlines higher
demand of degrading organisms for N acquisition from available sources, but different than Ure, as
suggested by their low correlation (Figure S1). Enhanced NAG activity supports the view that plants or
microbes may use N-containing monomers and not only inorganic N [59]. 

GLU is an enzyme that catalyzes the hydrolysis of terminal 1,4 linked β-D-glucose residues from β-D-
glucosides, including cellulose oligomers and thus it is an indicator of SOM degradation and soil C
utilization [60]. Its activity was either the same or even lower in soils with P3HB (Figure 2E). This may be
attributed to either preferable cleavage of PHB rather than cellulose or a high C:N ratio [60].  

BR is a key indicator of aerobic catabolic activity in soil, and accessibility and degradability of organic C
in SOM [61]. The P3HB application positively influenced BR (Figure 3A) according to the mechanism
described above in the DHA-related part. Substrate-induced respiration is used to measure the activity of
specific microorganisms responding to addition of substrates with specific composition. Response
induced by Glc, NAG, Tre, Ala and Lys corroborated with results of BR (Figure 3). Similar mechanisms and
involvement of the same organisms is a probable reason of the grouping of all these respirations (Figure
S2) and their positive significant correlation (Figure S1). On the contrary, arginine substrate showed
slightly different results comparing to them.

The results of Arg.IR, an indicator of fungal respiratory activity in soil, suggest neutral to positive effect of
P3HB as well (Figure 3F). However, a slight deviation in the trend of values from the results of other
respirations is visible (Figure 3) and evident also from the PCA (Figure S2). The respiration decreases
with increasing sand content. This indicates the relation of Arg-IR to soil texture. In sandy soils, the pores
are better aerated, water content and water holding capacity are significantly reduced. These conditions
probably limited the use of arginine substrate by microorganisms.   

Effect of P3HB on soil fertility

The results clearly indicate an adverse effect of P3HB on both above- and below-ground biomass
production of L. sativa (Figure 4). These results are in accordance with previous works that degradation
of biodegradable plastics might negatively affect plant growth [62, 63]. In general, for biodegradation of
P3HB, two major explanations may be attributed to the observed effects: i) phytotoxicity of P3HB
microplastics or their degradation products and ii) the effect on soil properties and/or inhibition of
nutrients. 
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Alternative i) was thoroughly discussed by Zhou et al. (2021) who observed similar results as in this work
by testing PHBV, which is a common derivative of PHB [14]. The authors speculated about possible
phytotoxic effect of PHB biodegradation products due to acidification of soil caused by released of 3-
hydroxybutyric acid during PHBV degradation, but this speculation was in the cited work rejected. The
rejection of the hypothesis is partially in line with our results showing the resulting pH above 7 in soil
without P3HB (in other soils was probably increased due to sand content). Moreover, the pKa of 3-
hydroxybutyric acid is 4.41 [64] indicating that the acidification effect of this acid is very low. Influence of
3-HB effect on the phenylpropanoid pathway regulation (Mierziak et al., 2020) related to reaction on
abiotic stress [19, 20] was also mentioned. Liwarska-Bizukojc (2022) used Sorghum saccharatum,
Sinapsis alba and Lepidium sativum as phytotoxoticty bioindicators of PHB and found no effect on seed
germination even at concentration as high as 11.9% w/w [65]. Nevertheless, the presence of PHB in soil
caused root growth inhibition mainly on Sinapsis alba and Lepidium sativum. On the contrary, Dahal et
al. (2020) did not find any significant effect of PHBV on plant growth [17]. Possible adverse effect of PHB
due to reduced seedlings survival was indirectly suggested by [21].

Alternative ii) was discussed by Silveira Alves et al. (2019) who stated that the role of PHB in plant-
bacterium interactions is still poorly understood, however, their study suggested that PHB metabolism
may contribute to bacterial plant growth promotion and that deletion of genes involved in the synthesis
and degradation of PHB reduce the bacterial ability to enhance plant growth [66]. Here, despite the
prevailed P3HB-related promotion of microorganisms’ abundance and community structure, the
suggestion of plant growth promotion must be rejected. Furthermore, due to the hydrophobic nature of
PHB [67], a higher water repellency and increased drain-off may be expected in PHB-amended substrates.
Zhou et al. (2021) concluded that PHBV addition increased microbial activity, growth, and exoenzyme
activity, changed the soil bacterial community at different taxonomical levels and increased the alpha
diversity, which most likely led to the enhanced mineralizeation of native SOM and negatively influenced
the growth of Triticum aestivum L [14]. 

Our results, i.e., serious P3HB-related growth inhibition of L. sativa (Figure 4) and enhanced microbial
activity, are supported by the results of [14]. As indicated by the low negative correlations between plant
biomass and BR, Lys-IR and Ure, respectively (Figure S1), growth inhibition could result from an adverse
consequence of plant-microbiota interaction, such as competition for nutrients. The most likely scenario
appears to be competition for N, which was probably utilized by PHB-degrading microorganisms (as
discussed above). Similarly, suppressed growth of common bean shoots and roots in PLA-treated sandy
soil, reported by [46], was likely caused by significant deficit of plant available (mainly nitrate nitrogen)
and disproportion in dissolved organic carbon (DOC) and nitrogen (DON), leading to increased C:N ratio.
Noteworthy, in our case, we can exclude the negative effect of drought stress caused by hydrophobicity of
PHB as the design of pot experiments (i.e., regular irrigation) exclude the possibility of shortage of
moisture in soils due to regular irrigation. 

Effect of P3HB under changing SOM content as an implications of soil degradation
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The results of multivariate analysis of variance (MANOVA) showed significant (p < 0.001) differences
among experimental variants in all determined properties confirming the importance of increasing sand
content in arable soils for the use of P3HB in agricultural soils. However, the consequences were variable,
as they were positive, neutral, and negative. 

16S rDNA and 18S rDNA (Figure 1A, B) were very highly positively correlating (Figure S1) and followed
similar pattern of overall decrease in both P3HB-amended and control substrates. Despite clear
disproportionality, the decrease was probably caused by the decrease of the SOM content and number of
soil microorganisms and fungi following soil dilution by sand. This also negatively affected all enzymatic
activities, which showed a similar overall trend (Figure 2). Therefore, the progressive deterioration of soil
quality by the increase in the sand fraction will have a negative impact on microbial and fungal biomass
and enzymatic activities, whether the soil is contaminated with P3HB or not.

However, the degree of sand influence is significantly affected by the presence of P3HB. Compared to
control, bacterial and fungal biomass content (Figure 1A, B) followed similar pattern of initial stagnation
or decrease after P3HB addition replaced by stagnation or growth at higher (≥60%) sand load. In PHB-
degrading microbiome, the negative effect of increasing sand content was alleviated by presence of
P3HB (Figure 1C). Moreover, the results suggest that presence of P3HB together with increasing sand
content (up to 80% of sand) can even stimulate PHB-degrading microorganisms. Thus, the partial
increase of 16S rDNA and 18S rDNA was probably related to this part of the microbiome. The reason may
be better aeration of the substrate accompanied by the necessary presence of the P3HB energy source
substituting declining SOM content, resulting in the booming of PHB-degrading microorganisms and
overall shift in microbiome structure. This hypothesis is supported especially by the similar phenomenon
in DHA (Figure 2A), increasing respirations with increasing sand content (Figure 3) and the grouping of
these factors in the PCA (Figure S2).

Some other enzymes (ARS, NAG, Ure, GLU, Phos) also showed partial deviations indicating a different
effect of P3HB depending on the sand content (Figure 2). For example, at lower sand content (0–40%),
the effect of P3HB on ARS (Figure 2B) and Phos (Figure 2F) was neutral to negative, while at higher sand
content (60–100%), the P3HB effect was neutral to positive. This suggests that the expected PHB-
degrading microorganisms boom related to the increased aeration had a positive effect on these
enzymatic activities as well. Therefore, although P3HB acts as a potential selective microbial inhibitor in
a favorable state of soil due to the dominance of different (natural) functional groups of microorganisms,
in unfavorable conditions of increasing sand content, P3HB can maintain or even stimulate the activity of
some enzymes associated especially with the PHB-specific microbes as an alternative energy source.

As already mentioned, predominant stimulation of BR, Glc-IR, NAG-IR, Tre-IR, Ala-IR and Lys-IR with
increasing (up to 80%) sand content in P3HB-amended substrates (Figure 3) was probably caused by
better aeration coupled with P3HB utilization. This phenomenon could also be explained by the
increasing rate of preferable utilization of P3HB with the increasing portion of PHB-derived C regarding
the total soil organic C. This feature might be comparable to the observation of Kuzyakov and Bol (2006),
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who described a metabolism switch from the hardly utilizable recalcitrant C in SOM to the easily
available carbonaceous compound leading a positive priming effect [68]. The study carried out with
bean-planted PLA-contaminated sandy soil also showed increasing values of readily oxidizable carbon
(POXC) with ascending content of plastics (up to 2%) [46]. However, this can be considered as a
necessary side effect rather than a cause, as it would have a similar graded positive effect on the other
characteristics studied.

The increase in sand content significantly reduced the production of plant biomass in the control (Figure
4), however, the presence of P3HB suppressed this phenomenon and limited biomass production to a
minimum. Therefore, the gradual degradation of P3HB-contaminated arable soils by increasing sand
content is not determining for L. sativa yields; P3HB presence limits the growth of L. sativa to the same
extent as growing in pure sand. It is important to keep in mind that the possible contamination of soil by
1% of P3HB is realistic in the case of application PHB-based fertilizer coatings, delivery systems and
mulching films. The SOC content in the soil was 14 g·kg−1, therefore, applied dose of P3HB is very high in
terms of SOM to P3HB ratio. As the P3HB is easily available substrate, we speculate that even
significantly lower dose may have an adverse effect on plant growth. A decrease in SOM (represented
here by sand dilution) can this adverse effect worsen.    

In summary, the effect of changing sand content is also well reflected in the PCA (Figure S2). Sand's
dominant property, high pH (Figure S3), is clearly related to the sandy variants, which form one separate
group of substrates unsuitable for soil organisms and plant biomass production. The absence of P3HB
and high soil content are clearly the most important factors for high L. sativa biomass production. High
soil content is key for high level of bacterial and fungal biomass, as well as most enzymatic activities.
The presence of P3HB and a more balanced soil:sand ratio is both crucial for high soil respiration and
content of PHB-degrading microorganisms.

Conclusions
The changes in the microbial abundance and community structure after P3HB addition were variable,
however, there was a growth and amplification of specific PHB degrading microbial population.   The
results of enzymatic activities were also ambiguous depending on the sand content. The basal and
substrate induced respirations as well as DHA were mostly enhanced by the P3HB addition, which
seemed to be preferable source of C and energy for soil aerobic microbes. In conclusion, although P3HB
acts as a potential selective microbial inhibitor in a favorable state of soil, in unfavorable conditions of
increasing sand content (approximately 60–80%), P3HB can maintain or even stimulate the microbial
abundance and community structure as well as enzyme activities and soil respiration. However, these
potentially positive effects on the soil microbiome were contrasted by the significant adverse effects on
the plant growth. The results show that soils may have the capacity to degrade the bioplastics, but on the
cost of nutrient availability to plants and negative impact on their growth. This capacity may be affected
by a gradual nutrient-related deterioration of soil quality. Moreover, at low SOM content (increased sand
to soil ratio), the P3HB can replace the SOM as a main substrate, which shifts the composition of
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microbial community towards this only available substrate. We conclude that, although the
biodegradable bioplastics are C neutral, further research should answer if they do not induce positive
priming effect on SOM, as the overall activity of soil organisms were disproportionately boosted in P3HB
amended sandy soils. Most importantly, future studies should find the conditions under which can
biodegradable plastics enter the soils without any adverse effect on soil fertility and other properties.

Declarations
Acknowledgements

Not applicable.

Author contributions

Conceptualization, T.H., J.H. and M.B.; methodology, T.H., J.H. and M.B.; software, T.H., T.B., J.F.;
validation, V.P., M.B., A.M., O.M., A.K. and J.K.; formal analysis, J.F., T.B.; investigation, J.H., A.M. and M.B.;
resources, J.H., T.H., and A.K.; data curation, T.H., M.R. and J.F.; writing—original draft preparation, J.H.,
M.B.; writing—review and editing, V.P., T.H., J.H., A.M., J.K. and M.B.; visualization, T.H. and A.K.;
supervision, J.K., V.P.; project administration, J.F., J.H., M.B., A.K.; funding acquisition, M.B., A.K., J.H., J.K.
All authors have read and agreed to the published version of the manuscript. 

Funding

The work was supported by the Ministry of Education, Youth and Sports of the Czech Republic, project
Kvalitní interní granty VUT EF19_073/0016948 and project FCH-S-22-8001 and by the Ministry of
Agriculture of the Czech Republic, institutional support MZE-RO1218 and MZE-RO1722 and. 

Availability of data and materials

The datasets used and/or analysed during the current study are available from the corresponding author
on reasonable request. 

Ethics approval and consent to participate

Not applicable.

Consent for publication

Not applicable.

Competing interests

The authors declare that they have no competing interests. 



Page 14/20

References
1. Dahman Y, Ugwu CU. Production of green biodegradable plastics of poly(3-hydroxybutyrate) from

renewable resources of agricultural residues. Bioprocess and biosystems engineering.
2014;37(8):1561-8. doi: 10.1007/s00449-014-1128-2.

2. Luckachan GE, Pillai CKS. Biodegradable Polymers- A Review on Recent Trends and Emerging
Perspectives. J Polym Environ. 2011;19(3):637-76. doi: 10.1007/s10924-011-0317-1.

3. Sudesh K, Abe H, Doi Y. Synthesis, structure and properties of polyhydroxyalkanoates: biological
polyesters. J Progress in Polymer Science. 2000;25(10):1503-55.

4. Medeiros Garcia Alcântara J, Distante F, Storti G, Moscatelli D, Morbidelli M, Sponchioni M. Current
trends in the production of biodegradable bioplastics: The case of polyhydroxyalkanoates.
Biotechnology Advances. 2020;42:107582. doi: 10.1016/j.biotechadv.2020.107582.

5. Altaee N, El-Hiti GA, Fahdil A, Sudesh K, Yousif E. Biodegradation of different formulations of
polyhydroxybutyrate films in soil. Springerplus. 2016;5(1):762. doi: 10.1186/s40064-016-2480-2.

6. Jendrossek D, Handrick R. Microbial degradation of polyhydroxyalkanoates. Annu Rev Microbiol.
2002;56:403-32. doi: 10.1146/annurev.micro.56.012302.160838.

7. Kozlovskii AG, Zhelifonova VP, Vinokurova NG, Antipova TV, Ivanushkina NE. Biodegradation of poly-
beta-hydroxybutyrate by microscopic fungi. Microbiology. 1999;68(3):290-5.

8. Nishida H, Tokiwa Y. Distribution of poly(?-hydroxybutyrate) and poly(?-caprolactone)aerobic
degrading microorganisms in different environments. Journal of Environmental Polymer
Degradation. 1993;1(3):227-33. doi: 10.1007/bf01458031.

9. Sharifzadeh M, Najafpour G, Younesi H, Eisazadeh H. Poly(3-hydroxybutyrate) Synthesis by
Cupriavidus necator DSMZ 545 Utilizing Various Carbon Sources. World Appl Sci J. 2009;7.

10. Vroman I, Tighzert L. Biodegradable Polymers. Materials. 2009;2(2):307-44. doi:
10.3390/ma2020307.

11. Schöpfer L, Schnepf U, Marhan S, Brümmer F, Kandeler E, Pagel H. Hydrolyzable microplastics in soil
—low biodegradation but formation of a specific microbial habitat? Biol Fertil Soils. 2022;58(4):471-
86. doi: 10.1007/s00374-022-01638-9.

12. Touchaleaume F, Martin-Closas L, Angellier-Coussy H, Chevillard A, Cesar G, Gontard N, et al.
Performance and environmental impact of biodegradable polymers as agricultural mulching films.
Chemosphere. 2016;144:433-9. doi: 10.1016/j.chemosphere.2015.09.006.

13. Fojt J, David J, Prikryl R, Rezacova V, Kucerik J. A critical review of the overlooked challenge of
determining micro-bioplastics in soil. Sci Total Environ. 2020;745:140975. doi:
10.1016/j.scitotenv.2020.140975.

14. Zhou J, Gui H, Banfield CC, Wen Y, Zang H, Dippold MA, et al. The microplastisphere: Biodegradable
microplastics addition alters soil microbial community structure and function. Soil Biology and
Biochemistry. 2021;156. doi: 10.1016/j.soilbio.2021.108211.



Page 15/20

15. Deroiné M, César G, Le Duigou A, Davies P, Bruzaud S. Natural Degradation and Biodegradation of
Poly(3-Hydroxybutyrate-co-3-Hydroxyvalerate) in Liquid and Solid Marine Environments. J Polym
Environ. 2015;23(4):493-505. doi: 10.1007/s10924-015-0736-5.

16. Sang BI, Hori K, Unno H. Comparison of the degradation characteristics of poly(3-hydroxybutyrate-co-
3-hydroxyvalerate) in water and soil by isolated soil microorganisms. European Symposium on
Environmental Biotechnology. Oostende, BELGIUM2004. p. 327-30.

17. Dahal S, Yilma W, Sui Y, Atreya M, Bryan S, Davis V, et al. Degradability of Biodegradable Soil
Moisture Sensor Components and Their Effect on Maize (Zea mays L.) Growth. Sensors (Basel).
2020;20(21). doi: 10.3390/s20216154.

18. Mierziak J, Wojtasik W, Kulma A, Dziadas M, Kostyn K, Dyminska L, et al. 3-Hydroxybutyrate Is Active
Compound in Flax That Upregulates Genes Involved in DNA Methylation. Int J Mol Sci. 2020;21(8).
doi: 10.3390/ijms21082887.

19. Sharma A, Shahzad B, Rehman A, Bhardwaj R, Landi M, Zheng B. Response of Phenylpropanoid
Pathway and the Role of Polyphenols in Plants under Abiotic Stress. Molecules. 2019;24(13). doi:
10.3390/molecules24132452.

20. Yang LM, Fountain JC, Ji PS, Ni XZ, Chen SX, Lee RD, et al. Deciphering drought-induced metabolic
responses and regulation in developing maize kernels. Plant Biotechnol J. 2018;16(9):1616-28. doi:
10.1111/pbi.12899.

21. Malik MR, Yang WY, Patterson N, Tang JH, Wellinghoff RL, Preuss ML, et al. Production of high levels
of poly-3-hydroxybutyrate in plastids of Camelina sativa seeds. Plant Biotechnol J. 2015;13(5):675-
88. doi: 10.1111/pbi.12290.

22. Kawashima N, Yagi T, Kojima K. How Do Bioplastics and Fossil‐Based Plastics Play in a Circular
Economy? Macromolecular Materials and Engineering. 2019;304(9):1900383. doi:
10.1002/mame.201900383.

23. Pathan SI, Arfaioli P, Bardelli T, Ceccherini MT, Nannipieri P, Pietramellara G. Soil Pollution from Micro-
and Nanoplastic Debris: A Hidden and Unknown Biohazard. Sustainability. 2020;12(18):7255. doi:
10.3390/su12187255.

24. Zhao ZY, Wang PY, Wang YB, Zhou R, Koskei K, Munyasya AN, et al. Fate of plastic film residues in
agro-ecosystem and its effects on aggregate-associated soil carbon and nitrogen stocks. J Hazard
Mater. 2021;416:125954. doi: 10.1016/j.jhazmat.2021.125954.

25. Rillig MC, Lehmann A, de Souza Machado AA, Yang G. Microplastic effects on plants. New Phytol.
2019;223(3):1066-70. doi: 10.1111/nph.15794.

26. Conant RT, Ryan MG, Ågren GI, Birge HE, Davidson EA, Eliasson PE, et al. Temperature and soil
organic matter decomposition rates - synthesis of current knowledge and a way forward. Global
Change Biology. 2011;17(11):3392-404. doi: 10.1111/j.1365-2486.2011.02496.x.

27. ISO_10390. Soil quality - Determination of pH. Geneva, Switzerland: International Organization for
Standardization; 2005.



Page 16/20

28. ISO_20130. Soil quality — Measurement of enzyme activity patterns in soil samples using
colorimetric substrates in micro-well plates. Geneva, Switzerland: International Organization for
Standardization; 2018.

29. Casida LE, Klein DA, Santoro T. Soil Dehydrogenase Activity. Soil Science. 1964;98(6):371-6. doi:
10.1097/00010694-196412000-00004.

30. Campbell CD, Chapman SJ, Cameron CM, Davidson MS, Potts JM. A rapid microtiter plate method to
measure carbon dioxide evolved from carbon substrate amendments so as to determine the
physiological profiles of soil microbial communities by using whole soil. Appl Environ Microbiol.
2003;69(6):3593-9. doi: 10.1128/AEM.69.6.3593-3599.2003.

31. Amann RI, Ludwig W, Schleifer KH. Phylogenetic identification and in situ detection of individual
microbial cells without cultivation. Microbiological reviews. 1995;59(1):143-69. doi:
10.1128/mr.59.1.143-169.1995.

32. Vainio EJ, Hantula J. Direct analysis of wood-inhabiting fungi using denaturing gradient gel
electrophoresis of amplified ribosomal DNA. Mycological Research. 2000;104(8):927-36. doi:
10.1017/s0953756200002471.

33. Sei K, Nakao M, Mori K, Ike M, Kohno T, Fujita M. Design of PCR primers and a gene probe for
extensive detection of poly(3-hydroxybutyrate) (PHB)-degrading bacteria possessing fibronectin type
III linker type-PHB depolymerases. Appl Microbiol Biotechnol. 2001;55(6):801-6. doi:
10.1007/s002530100658.

34. R_Core_Team. R: A language and environment for statistical computing. Vienna, Austria: R
Foundation for Statistical Computing; 2020.

35. Zar JH. Biostatistical Analysis. 2nd ed. Englewood Cliffs, New Jersey, USA: Prentice-Hall, Inc.; 1984.

36. Hinkle DE, Wiersma W, Jurs SG. Applied statistics for the behavioral sciences. 5th ed. Boston, Mass.:
Houghton Mifflin; 2003.

37. Rychter P, Biczak R, Herman B, Smylla A, Kurcok P, Adamus G, et al. Environmental degradation of
polyester blends containing atactic poly(3-hydroxybutyrate). Biodegradation in soil and
ecotoxicological impact. Biomacromolecules. 2006;7(11):3125-31. doi: 10.1021/bm060708r.

38. Roscoe R, Vasconcellos CA, Neto AEF, Guedes GAA, Fernandes LA. Urease activity and its relation to
soil organic matter, microbial biomass nitrogen and urea-nitrogen assimilation by maize in a
Brazilian Oxisol under no-tillage and tillage systems. Biol Fertil Soils. 2000;32(1):52-9. doi:
10.1007/s003740000213.

39. Qi Y, Yang X, Pelaez AM, Huerta Lwanga E, Beriot N, Gertsen H, et al. Macro- and micro- plastics in
soil-plant system: Effects of plastic mulch film residues on wheat (Triticum aestivum) growth. Sci
Total Environ. 2018;645:1048-56. doi: 10.1016/j.scitotenv.2018.07.229.

40. Nannipieri P, Eldor P. The chemical and functional characterization of soil N and its biotic
components. Soil Biology and Biochemistry. 2009;41(12):2357-69. doi:
10.1016/j.soilbio.2009.07.013.



Page 17/20

41. Baležentienė L. Hydrolases Related to C and N Cycles and Soil Fertility Amendment: Responses to
Different Management Styles of Agro-Ecosystems. Polish Journal of Environmental Studies.
2012;21(5):1153-9.

42. Sander M. Biodegradation of Polymeric Mulch Films in Agricultural Soils: Concepts, Knowledge
Gaps, and Future Research Directions. Environ Sci Technol. 2019;53(5):2304-15. doi:
10.1021/acs.est.8b05208.

43. Šerá J, Serbruyns L, De Wilde B, Koutný M. Accelerated biodegradation testing of slowly degradable
polyesters in soil. Polymer Degradation and Stability. 2020;171:109031. doi:
10.1016/j.polymdegradstab.2019.109031.

44. Kaur-Bhambra J, Wardak DLR, Prosser JI, Gubry-Rangin C. Revisiting plant biological nitrification
inhibition efficiency using multiple archaeal and bacterial ammonia-oxidising cultures. Biol Fertil
Soils. 2021;58(3):241-9. doi: 10.1007/s00374-020-01533-1.

45. Robertson GP, Groffman P. Nitrogen Transformations. 2007. p. 341-64. doi: 10.1016/B978-0-08-
047514-1.50017-2.

46. Meng F, Yang X, Riksen M, Geissen V. Effect of different polymers of microplastics on soil organic
carbon and nitrogen - A mesocosm experiment. Environ Res. 2022;204(Pt A):111938. doi:
10.1016/j.envres.2021.111938.

47. Kielak AM, Barreto CC, Kowalchuk GA, van Veen JA, Kuramae EE. The Ecology of Acidobacteria:
Moving beyond Genes and Genomes. Front Microbiol. 2016;7:744. doi: 10.3389/fmicb.2016.00744.

48. Navarrete AA, Soares T, Rossetto R, van Veen JA, Tsai SM, Kuramae EE. Verrucomicrobial community
structure and abundance as indicators for changes in chemical factors linked to soil fertility. Antonie
Van Leeuwenhoek. 2015;108(3):741-52. doi: 10.1007/s10482-015-0530-3.

49. Hoshino A, Sawada H, Yokota M, Tsuji M, Fukuda K, Kimura M. Influence of weather conditions and
soil properties on degradation of biodegradable plastics in soil. Soil Sci Plant Nutr. 2001;47(1):35-43.
doi: 10.1080/00380768.2001.10408366.

50. Nannipieri P, Giagnoni L, Landi L, Renella G. Role of Phosphatase Enzymes in Soil. 2011. p. 215-43.
doi: 10.1007/978-3-642-15271-9_9.

51. Kandeler E. Physiological and Biochemical Methods for Studying Soil Biota and Their Functions. Soil
Microbiology, Ecology, and Biochemistry. London, UK: Academic Press, Elsevier; 2015. p. 187.

52. Wolinska A, Stepniewska Z. Dehydrogenase Activity in the Soil Environment. Dehydrogenases. 2012.
p. 183-210. doi: 10.5772/48294.

53. Stêpniewska Z, Woliñska A, Lipiñska R. Effect of fonofos on soil dehydrogenase activity. Int
Agrophysics. 2007;21(1):101-5.

54. Kumar AB, Spacil Z, Ghomashchi F, Masi S, Sumida T, Ito M, et al. Fluorimetric assays for N-
acetylgalactosamine-6-sulfatase and arylsulfatase B based on the natural substrates for
confirmation of mucopolysaccharidoses types IVA and VI. Clinica Chimica Acta. 2015;451:125-8. doi:
10.1016/j.cca.2015.08.010.



Page 18/20

55. Taylor JP, Wilson B, Mills MS, Burns RG. Comparison of microbial numbers and enzymatic activities
in surface soils and subsoils using various techniques. Soil Biology and Biochemistry.
2002;34(3):387-401. doi: 10.1016/S0038-0717(01)00199-7.

56. Vong PC, Debourge O, Lasserre-Joulin F, GUCKERT A. Immobilized-S, microbial biomass-S and soil
arylsulfatase activity in the rhizosphere soil of rape and barley as affected by labile substrate C and
N additions. Soil Biology and Biochemistry. 2003;35:1651-61.

57. Goux X, Amiaud B, Piutti S, Philippot L, Benizri E. Spatial distribution of the abundance and activity
of the sulfate ester-hydrolyzing microbial community in a rape field. Journal of Soils and Sediments.
2012;12(9):1360-70. doi: 10.1007/s11368-012-0555-4.

58. Parham JA, Deng SP. Detection, quantification and characterization of β-glucosaminidase activity in
soil. Soil Biology and Biochemistry. 2000;32(8-9):1183-90. doi: 10.1016/s0038-0717(00)00034-1.

59. Schimel JP, Bennett J. Nitrogen Mineralization: Challenges of a Changing Paradigm. Ecology.
2004;85(3):591-602. doi: 10.1890/03-8002.

60. Ferraz-Almeida R, Naves E, Mota R. Soil quality: Enzymatic activity of soil β-glucosidase. 2437-1858.
2015.

61. Anderson JPE, Page AL, Miller RH, Keeney DR. Soil Respiration. In: Page AL, editor. Methods of Soil
Analysis, Part 2. 2nd ed. Madison: ASA and SSSA; 1982. p. 831-71.

62. Qi Y, Ossowicki A, Yang X, Huerta Lwanga E, Dini-Andreote F, Geissen V, et al. Effects of plastic mulch
film residues on wheat rhizosphere and soil properties. J Hazard Mater. 2020;387:121711. doi:
10.1016/j.jhazmat.2019.121711.

63. Zhang X, Kuzyakov Y, Zang H, Dippold MA, Shi L, Spielvogel S, et al. Rhizosphere hotspots: Root
hairs and warming control microbial efficiency, carbon utilization and energy production. Soil Biology
and Biochemistry. 2020;148:107872. doi: 10.1016/j.soilbio.2020.107872.

64. Chun AY, Yunxiao L, Ashok S, Seol E, Park S. Elucidation of toxicity of organic acids inhibiting growth
of Escherichia coli W. Biotechnology and Bioprocess Engineering. 2014;19(5):858-65. doi:
10.1007/s12257-014-0420-y.

65. Liwarska-Bizukojc E. Phytotoxicity assessment of biodegradable and non-biodegradable plastics
using seed germination and early growth tests. Chemosphere. 2022;289:133132. doi:
10.1016/j.chemosphere.2021.133132.

66. Silveira Alves LP, Plucani do Amaral F, Kim D, Todo Bom M, Pinero Gavidia M, Silvano Teixeira C, et
al. Importance of Poly-3-Hydroxybutyrate Metabolism to the Ability of Herbaspirillum seropedicae To
Promote Plant Growth. Appl Environ Microbiol. 2019;85(6). doi: 10.1128/AEM.02586-18.

67. McAdam B, Brennan Fournet M, McDonald P, Mojicevic M. Production of Polyhydroxybutyrate (PHB)
and Factors Impacting Its Chemical and Mechanical Characteristics. Polymers (Basel).
2020;12(12):2908. doi: 10.3390/polym12122908.

68. Kuzyakov Y, Bol R. Sources and mechanisms of priming effect induced in two grassland soils
amended with slurry and sugar. Soil Biology & Biochemistry. 2006;38(4):747-58. doi:
10.1016/j.soilbio.2005.06.025.



Page 19/20

Figures

Figure 1

(A) Bacterial (16S rDNA), (B) fungal (18S rDNA), (C) PHB-degrading microorganisms (phaZ) gene markers
in the growth substrates; the lowercase letters indicate significant differences at p ≤ 0.05. 

Figure 2

Soil activities of (A) dehydrogenase activity, (B) arylsulfatase, (C) N-acetyl-β-D-glucosaminidase, (D)
urease, (E) β-glucosidase and (F) phosphatase in the growth substrates; the lowercase letters indicate
significant differences at p ≤ 0.05.

Figure 3

(A) Basal, (B) D-glucose, (C) N-acetyl-β-D-glucosamine, (D) D-trehalose, (E) L-alanine, (F) L-arginine and
(G) L-lysine induced respiration in the growth substrates; the lowercase letters indicate significant
differences at p ≤ 0.05.
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Figure 4

(A) Fresh and (B) dry aboveground plant biomass (AGB) and (C) dry root plant biomass in the growth
substrates; the lowercase letters indicate significant differences at p ≤ 0.05.
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