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Abstract

Anthropogenic-induced deterioration of soil health remains a global problem,

resulting in a diminished productivity of agroecosystems. In order to improve soil

quality, we investigated the impact of phosphorus biofertilizer on the microbiological

parameters of soil (type Brunic Arenosol) degraded as a result of inappropriate culti-

vation and fertilization, characterized by low pH and decrease in K and Mg content.

Two-year field experiment included control treatment (FC) without microbial enrich-

ment and FA100 (fertilizer amendment at optimal dose) and FA60 (fertilizer amend-

ment at 40% reduced dose) treatments containing beneficial microorganisms. The

results showed that the biofertilizer enhanced soil enzymatic activity (as expressed

by the increased activities of urease, protease, acid phosphomonoesterase, and β-glu-

cosidase), increased number of operational taxonomic units associated with meta-

bolic processes (including phosphorus related pathways and degradation of

xenobiotics), improved crop yield, increased bacterial diversity, and changed the

quantity of phytoavailable phosphorus in the soil. Biofertilizer also stimulated the

occurrence of plant growth promoting microorganisms involved in phosphorus bio-

transformations, decomposition of organic matter, nitrogen fixation, and protection

plants against pathogens. Next generation sequencing (NGS) and Biolog analyses

showed that the composition of soil microbiome was affected also by soil sampling

time, suggesting seasonal variations in the preferred carbon sources and level of C-

substrates utilization, and pointing the differences in the relative abundance of indi-

vidual microbial groups at particular stages of the experiment. Taking into consider-

ation the improvement of microbiological indicators of soil health, phosphorus

biofertilizer seems to be effective approach to implement in sustainable agriculture

linking soil microbiome quality with the general soil condition.
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1 | INTRODUCTION

It cannot be denied that the degradation of arable soils is an important

issue influencing not only the quality and quantity of crop yields but

also the functioning of whole agroecosystems (Gomiero, 2016). The

intensive and unsustainable soil cultivation leads to severe alterations

in its structure including a depletion of mineral components, acidifica-

tion, accumulation of heavy metals or loss of organic matter (Lin
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et al., 2019). These changes result in the gradual degradation of arable

soils and decrease their production potential (Geng et al., 2019). Con-

sidering the application of mineral fertilizers, it should be considered

that their excessive amounts remain not indifferent to a key element

of soil environment architecture, namely complex communities of bac-

teria, archaea, and fungi (Geisseler & Scow, 2014). As described ear-

lier, soil microorganisms play the foremost role in the basic

biochemical transformations occurring below ground level and there-

fore their role in maintaining soil balance is invaluable (Hellequin

et al., 2020; Lacerda-Júnior et al., 2019). Regarding the importance of

soil microorganisms, the deterioration of soil health may be evidenced

by microbiological indicators encompassing reduction of microorgan-

isms activity (reflected by low soil enzymatic activity and poor effi-

ciency of metabolic processes) and simplification of community

structure (expressed through a small number of different taxa and low

biodiversity among microorganisms performing specific roles) (Lee

et al., 2020; Nunes et al., 2012; Zhang et al., 2017). It goes without

saying that phosphorus is a key macronutrient which availability

determines plant growth and development and, consequently, crop

productivity. P is involved in enzymatic and metabolic processes (such

as photosynthesis and cell division), formation of phospholipids and

constitute the vital element of nucleic acids. Unfortunately, the major-

ity of soil P (�95%) is unavailable for plant uptake and, in addition,

prolonged or inappropriate application of phosphorus mineral fertil-

izers may result in limitation of indigenous P (Hallama et al., 2021;

Siedliska et al., 2021). With regard to the disadvantages of mineral fer-

tilizers, the use of beneficial microorganisms capable of converting

insoluble P-compounds into ortho-phosphates which can be uptaken

by plants, seems to be an innovative and ecofriendly alternative or

supplementation (Hallama et al., 2021; Kour et al., 2020). Unlike syn-

thetic fertilizers, microbial based preparations do not pose a threat to

the natural environment and their application remains in agreement

with sustainable and organic agriculture principles which involve the

limitation or complete exclusion of mineral fertilizers and artificial

plant protection agents (Bhardwaj et al., 2014; Mącik, Gryta, &

Frąc, 2020). It was reported that application of biofertilizers based on

P-solubilizing microorganisms provides benefits including increase

highly assimilable P compounds content (Alori et al., 2017), improve

plant (e.g. maize) growth parameters (Zhao et al., 2014), enhance acid

phosphatase activity (Heidari et al., 2019), boost nutrient (N, P, K, Mg,

Fe) uptake (Chen et al., 2021), suppress phytopathogens (Mitra

et al., 2020), and increase bacterial richness and diversity in the rhizo-

sphere (Wang, Liu, et al., 2021). The phosphorus biofertilizer used in

this study was enriched with the following beneficial bacterial strains:

Paenibacillus polymyxa (CHT114AB), Bacillus amyloliquefaciens

(AF75BB), and Bacillus sp. (CZP4/4). The aforementioned strains were

selected with respect to their plant growth promoting properties. As

described earlier, Paenibacillus polymyxa strains were found to sup-

press plant pathogens, for example, Rhizooctonia solani, Fusarium

oxysporum, and Botrytis cinerea due to synthesis of antifungal metabo-

lites such as fusaricidin. What is more, representatives of P. polymyxa

carry phn genes, a gene cluster encoding proteins involved in bacterial

conversion of phosphonates to phosphorus forms readily assimilated

by plants (Li et al., 2020). The P solubilization properties were also

reported among Bacillus spp. strains, which produce organic acids and

phosphatases converting inorganic P-compounds into absorbable

forms. Apart from increasing P uptake, Bacillus spp. also synthesize

plant hormones (IAA, cytokinins) and siderophores chelating and

reducing Fe3+ to Fe2+ ions (Radhakrishnan et al., 2017). Meanwhile,

the microbial biofertilizer containing Bacillus amyloliquefaciens in com-

bination with different P-based fertilizers enhanced the P uptake in

maize leaves (Vinci et al., 2018).

Shifts in condition of the soil microorganisms under the influence

of various substances or treatments are the subject of large-scale

research since many years, including both short- and long-term stud-

ies. A result obtained from short-term study (from September 2018 to

June 2019) showed that soil inoculated with microbial inoculant con-

taining B. subtilis and P. polymyxa exhibited increased relative abun-

dance of Acidobacteria, Actinobacteria and Chloroflexi, with a

simultaneous decrease in Bacteroidetes, as compared to non-

inoculated control. In the same study, the Chao1 index of bacterial

diversity was significantly higher in soil amended with B. subtilis and

B. cereus than in control soil (Chen et al., 2021). In long term study

(2012–2016) it was reported that inoculation with Burkholderia

cepacia ISOP5 increased the relative abundance of genes involved in

P-solubilization and mineralization such as phoN (acid phosphatase),

phnA (phosphonoacetate hydrolase), and phnFGHIJKLMNOP (the C-P

lyase subunit). What is more, the increase in the relative abundance of

genes associated with N metabolism was also observed in soil inocu-

lated with the abovementioned strain (Wang, Peng, et al., 2021).

Owing to the fact that soil microbial communities are sensitive to

environmental fluctuations, they may display seasonal responses

depending on temperature, moisture, and indigenous microorganisms

properties. Seasonal variations in the status of soil microbiome are

also associated with the availability of carbon sources (Koranda

et al., 2013). During growing season, soil microorganisms may demon-

strate increased activity due to plant root exudates containing highly

assimilable carbon sources such as carbohydrates and amino acids. On

the other hand, low temperatures may result in reduced microbial

activity leading to an accumulation of soil organic matter (SOM)

(Badri & Vivanco, 2009; Canarini et al., 2019; Xu et al., 2021). Higher

SOM content may then stimulate the fungal decomposition activity

(Rousk & Bååth, 2007). The seasonal response is thought to be pre-

dictable as a result of the environmental signals preceding these

changes, however responses may differ among ecosystems. On the

other hand, the influence of various agrotechnical practices may inter-

fere with the regularity of microbial responses arising from the suc-

cession of natural factors including temperature fluctuations and

day/night length (Bleuven & Landry, 2016; Jia et al., 2020). Tracking

seasonal changes in the status of soil microbiome is essential in order

to estimate the stability of agroecosystems in the face of external fac-

tors such as fertilization. It is of particular importance for new farming

techniques that were not formerly used (Lacerda-Júnior et al., 2019).

The contemporary concept of agriculture, ensuring high soil qual-

ity and fertility, is increasingly driven by the interrelationship of

agroecosystems with soil microbial diversity. Maintaining a high
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biodiversity among soil microbial communities, which is intended to

stimulate crop resistance to pathogens, enhance nutrient uptake and

improve microbiological indicators of soil health, is a promising strat-

egy for sustainable soil management (Bertola et al., 2021; Hartman

et al., 2018). This is particularly important for degraded soils owing to

the fact that successful soil restoration is inextricably linked with the

soil microorganisms welfare (Zhang et al., 2020). Even though soil fer-

tilization with different organic amendments is widely described by

researchers, the approach considering exploitation of traditional min-

eral fertilizers enriched with strains of beneficial microorganisms is still

poorly recognized. Therefore, this study aimed determine the seasonal

effects of innovative phosphorus mineral fertilizer enriched with

strains of beneficial bacteria (Paenibacillus polymyxa—CHT114AB,

Bacillus amyloliquefaciens—AF75BB, and Bacillus sp.—CZP4/4) on the

biodiversity of soil microbiome and enzymatic activity of chemically

degraded (very low content of K, Mg, and pH value) soil under maize

cultivation. Because of an essential task of agricultural systems is to

improve P recycling in the environment, for example, by decreasing

the doses of phosphorus mineral fertilizers applied to the soil and

incorporation of microbes that will be able to solubilize internal phos-

phorus present in the environment, we mainly wanted to evaluate the

influence of tested treatments on soil mycobiome and microbiome as

relevant soil health and quality indicators. Moreover, these types of

results are missing or present as very fragmentary in literature, there-

fore the tested approach was innovative, especially for degraded soil.

We hypothesize that the application of phosphorus biofertilizer will

improve microbiological indicators of soil degradation and thus soil

quality. Consequently, we assume that the obtained results will pro-

vide guidelines for sustainable soil management, based on the status

of soil microbiome, and the phosphorus biofertilizer will find practical

implementation in modern agriculture.

2 | MATERIALS AND METHODS

2.1 | Field experiment

The study was conducted over 2 years under field experiment condi-

tions in 2018–2019, on agricultural land in Biszcza, Southeast Poland

(50�430N, 22�600E). The study was located at the altitude of 211 m

above sea level. The soil, classified as a Brunic Arenosol (BA), was

degraded due to inadequate fertilization and cultivation, with the fol-

lowing physicochemical parameters: pHKCl 4.8 and content of P205,

K20, and Mg of 17.4 mg 100 g�1 (high), 2.9 mg 100 g�1 (very low),

1.2 mg 100 g�1 (very low), respectively. The additional physicochemi-

cal soil properties were investigated and described in previous studies

(Boguta et al., 2021; Pertile et al., 2021; Walkiewicz et al., 2020).

The field experiment was conducted according to the method of

Mącik, Gryta, Sas-Paszt, & Frąc (2020). Soil was fertilized with the

phosphate mineral fertilizer SUPER FOS DAR 40 (Grupa Azoty,

Puławy, Poland), nitrogen fertilizer PULREA PUŁAWSKI MOCZNIK

46N (Grupa Azoty, Puławy, Poland) and granulated potassium salt

(BIALCHEM, Poland). The experiment comprised of the following

treatments: FC – optimal dose of fertilizer (control treatment),

FA100—optimal dose of fertilizer enriched with microorganisms and

FA60–40% reduced dose of fertilizer enriched with microorganisms.

The field experiment was conducted under maize cultivation (variety

of P9241, FAO: K280, Z270, PIONEER).

Phosphorus mineral fertilizer was enriched with the following

bacterial strains: Paenibacillus polymyxa (CHT114AB), Bacillus

amyloliquefaciens (AF75BB), and Bacillus sp. (CZP4/4), provided by the

Research Institute of Horticulture in Skierniewice, Poland. The

biofertilizers were prepared according to Borowik et al. (2019),

namely granules of fertilizer were coated with the mixture containing

1:1:1 each aforementioned strain. The ready-to-use biofertilizers were

produced and provided by the Łukasiewicz Research Network—New

Chemical Syntheses Institute (Puławy, Poland).

Each fertilization treatment included three replications plots

(10 � 15 m). The soil samples were taken in autumn 2018 (A18), sum-

mer 2019 (S19), and autumn 2019 (A19) at a depth of 0–25 cm from

five random sites within each plot. Afterward, samples were delivered

to the laboratory and passed through a 2 mm sieve in order to get rid

of impurities such as stones or plant roots. The purified soil samples

were then immediately used for measurements or stored (at 4�C for

Biolog and enzymatic analyses or �80�C for DNA extraction).

2.2 | Weather conditions

Weather conditions were recorded using the meteorological station in

Zamo�s�c (Poland) (50�700N, 23�250E), located �50 km of the experi-

mental site. Total rainfall in 2018 and 2019 accounted for 439.14 and

525.47 mm, respectively, while average annual air temperature were

9.3 and 9.8�C, respectively. The highest monthly rainfall during the

2-year experiment was reported in July 2018 and May 2019. Consid-

ering the growing season (April–July), the average temperature during

this period was 16.8�C and 15.4�C in 2018 and 2019, respectively.

Analyzing weather conditions in soil sampling months (October 2018,

June 2019, and October 2019) it was reported that monthly rainfall

remained at similar level and accounted for, respectively, 28.97,

23.62, and 26.4 mm. The highest temperature was observed in June

2019 (20.9�C), whereas in October 2018 and October 2019

accounted for 9.7�C and 10.8�C, respectively (Figure S1). The weather

conditions were obtained through online climate database tutiempo.

net (Tutiempo, 2021).

2.3 | Soil enzymatic activity, assimilated
phosphorus content, and maize yield

Protease activity was assessed using the Tris–HCl (pH 8.1) sodium

caseinate as a substrate and determining the release of tyrosine after

incubation for 1 hr at 50�C. The concentration of tyrosine was mea-

sured calorimetrically at a wavelength of 578 nm (Ladd & Butler, 1972

with modification of Alef & Nannipieri, 1995). For urease analysis,

urea was used and after 18 hr incubation at 37�C, the concentration
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of ammonia was measured at 410 nm (Zantua & Bremner, 1977). Acid

phosphomonoesterase activity was determined by incubating (for 1 hr

at 37�C) the soil samples with p-nitrophenyl phosphate and evaluating

the released p-nitrophenol (PNP) spectrophotometrically at 400 nm

(Tabatabai & Bremner, 1969). β-glucosidase activity (as determined by

the PNP concentration (at 400 nm) after incubation with p-

nitrophenol glucoside (PNG) for 1 hr at 37�C) was assessed according

to the methods of Eivazi & Tabatabai (1988) with a modification

developed by Alef & Nannipieri (1995). The enzymes activities were

calculated based on the dry (105�C) weight of the soil. The assimilated

phosphorus content (P2O5) was determined by the Egner-Riehm

method according to Polish Standard PN-R-04023 (1996), using a

Sherwood flame photometer, Genesys 6 spectrophotometer. After

maize harvest at full maturity, its yield was assessed by weighing

together all plants (including grains and straw) from each plot in par-

ticular treatments.

2.4 | Metabolic potential of soil microbial
communities

The metabolic potential of soil bacterial and fungal communities was

determined with the application of Biolog system using ECOplates

and FFplates (Biolog Inc., Hayward, CA). The suspension containing

1 g of fresh soil and 99 ml of sterile saline peptone water was shaken

for 20 min at 20�C and incubated for 30 min at 4�C (Gryta

et al., 2014). Afterward, ECOplates and FFplates wells were inocu-

lated with soil microorganisms suspension with the amount of

120 and 100 μl, respectively. After the inoculation, during 216 hr

incubation period at 23�C, absorbance readings were taken every

24 hr interval at 590 nm (ECOplates) and 490 nm (FFplates).

2.5 | DNA extraction

Genomic DNA was extracted from a 0.5 g of soil sample using a

FastDNA SPIN Kit for Feces (MP Biomedicals, Solon, OH) according

to the manufacturer's protocol. The amount of DNA was determined

spectrophotometrically at 260 nm (NanoDrop 2000/2000c Thermo

Scientific, West Palm Beach, FL). The extracted DNA was then stored

at �20�C and used for multiplex terminal restriction fragments length

polymorphism (M-tRFLP) and next generation sequencing (NGS).

2.6 | Multiplex terminal restriction fragment length
polymorphism (M-tRFLP)

The genetic diversity of soil bacterial, archaeal, and fungal communi-

ties was characterized by the multiplex terminal restriction fragment

length polymorphism (M-tRFLP). M-tRFLP analysis included the fol-

lowing steps: multiplex PCR reaction (parameters of performed PCR

are shown in Table S1), digestion of the obtained amplicons with

restriction enzyme HaeIII and detection of separated terminal

restriction fragments in genetic analyzer (ABI 3130). M-tRFLP was

carried out as described in detail by Gryta & Frąc (2020) and Mącik,

Gryta, Sas-Paszt, & Frąc (2020).

2.7 | Next generation sequencing (NGS)

The DNA sequencing was performed with the application of MiSeq

platform (Illumina Inc., San Diego, CA) at Genomed S.A. (Warsaw,

Poland). The PCR primer set 341F and 785R targeting the V3-V4

hypervariable region of 16S rDNA was used in bacterial metagenome

analysis, whereas the primers ITS1FI2 and 5.8S were used to amplify

the hypervariable fungal ITS1 rDNA region (Table S1). According to

the manufacturer (NEB Inc., Ipswich, MA), the aforementioned

primers and Q5 Hot Start High-Fidelity 2� Master Mix were applied

to perform an amplification. The v2 Illumina kit was used for sequenc-

ing using 2 � 250 bp pair-ended technology.

2.8 | Statistical and bioinformatics analyses

Differences and similarities in carbon substrates utilization profiles

between treatments were analyzed by principal component analysis

(PCA) and by Jaccard's coefficient index. Jaccard's coefficient was cal-

culated based on the number of utilized C-substrates between partic-

ular treatments; the substrate was considered when the absorbance

value was greater or equal 0.25 (A ≥ 0.25). The average absorbance

values from 216 hr incubation period were used. Jaccard's coefficient

was calculated with the following formula: J = NAB/(NA + NB�NAB),

where NA-number of C-substrates utilized in profile 1, NB-number of

C-substrates utilized in profile 2, NAB-number of C-substrates utilized

in both profile 1 and 2 (L�opez et al., 2019).

The relative abundance of particular terminal restriction frag-

ments (T-RFs) was visualized as heatmaps with the matrix2png web

interface (Pavlidis & Noble, 2003). TRiFLe tool was used for in silico

identification of microorganisms, based on the size of the obtained T-

RFs and defined nucleotide sequence sets (Junier et al., 2008). The

Sorensen's similarity coefficient (QS) was calculated based on the

number of shared and unique peaks between particular treatments,

according to the formula: QS = 2C/(A + B), where A-number of T-

RFs in profile 1, B-number of T-RFs in profile 2, C-number of T-RFs

common for both profile 1 and 2 (Walitang et al., 2019).

Beta diversity, based on Bray-Curtis distances was visualized

using unweighted pair group method with arithmetic mean (UPGMA)

clustering, principal coordinate analysis (PCoA), and non-metric multi-

dimensional scaling (NMDS).

The bacterial functional traits, based on the 16S rDNA data, were

assessed with PICRUSt (phylogenetic investigation of communities by

reconstruction of unobserved states) (Langille et al., 2013) software in

cooperation with KEGG (Kyoto Encyclopedia of Genes and Genomes)

(Kanehisa & Goto, 2000) online database. In addition, based on PIC-

RUSt/KEGG results, the analysis concerning metabolic pathways

related with P biotransformations in particular treatment was
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performed. The functional characterization of soil fungal communities

was conducted using the FUNGuild online database (Nguyen

et al., 2016).

The differences in enzyme activities and number of functional

operational taxonomic units (OTUs) between particular treatments

and sampling times were determined with statistical tests. The analy-

sis of variances (ANOVA) regarding soil sampling time and fertilization

method and a post hoc Tukey test were used to calculate significant

differences when ANOVA assumptions were met (β-glucosidase, PIC-

RUSt/KEGG analyses, maize yield). The verification of ANOVA

assumptions, including dataset normality and homoscedasticity of the

variance, was conducted using Shapiro–Wilk and Levene tests,

respectively. F-Welch test with post hoc Tukey test were used when

normality of dataset was maintained but variance was not homoge-

nous (protease, acid phosphomonoesterase, P2O5 content). On the

other hand, when the dataset normality was violated, Kruskal-Wallis

and Dunn tests were used (urease).

The automatic preliminary analysis of the NGS data, consisting on

demultiplexing and the generation of fastq files, was performed on

the MiSeq platform using the MiSeq Reporter (MSR) version 2.6 soft-

ware (Illumina Inc., San Diego, CA). Bioinformatic analysis providing

classification of reads to species taxonomic level was performed with

the Quantitative Insights into Microbial Ecology (QIIME) software

(Caporaso et al., 2010) based on the uCLUST algorithm (Edgar, 2010)

and the GreenGenes version 13_8 database (16S V3-V4 OTUs)

(DeSantis et al., 2006) and BLAST algorithm (Altschul et al., 1990) and

UNITE version 8 database (ITS1 region) (Kõljalg et al., 2013; Nilsson

et al., 2019).

All statistical analyses were performed with Statistica version

13.1 software (StatSoft Inc., Tulsa, OK) and R version 1.0.5.999 soft-

ware (R Core Team, 2018, Vienna, Austria).

3 | RESULTS

3.1 | Soil enzymatic activity, assimilated
phosphorus content, and maize yield

The changes of soil enzymatic activity in response to application of

biofertilizers and sampling time are shown in Table 1. The activities of

protease, urease, acid phosphomonoesterase, and β-glucosidase var-

ied between individual fertilization treatments in a particular year.

The highest protease activity across whole experiment was

observed in FA100(S19). On the other hand, the topmost increments

in protease activity were reported in FA100(A18) and FA60(A18)

(by 415.78% and 358.95%, respectively) as compared to control. Con-

cerning the seasonal variations in protease activity, 2019 witnessed a

decrease in aforementioned enzyme activity between controls and

between FA100 treatments and an increase between FA60 treat-

ments. It was also observed that activity of protease remained at

higher levels in FA100 and FA60 in both A18 and A19.

In case of the urease, the highest activity during 2-year experi-

ment was recorded in FA100(A18) and FA100(A19). Simultaneously, a

greater variations in urease activity were observed in aforementioned

sampling times in comparison with S19. In 2019 there was an upward

trend in the urease activity between FA100 treatments.

FA100 and FA60 were characterized by increased acid pho-

sphomoesterase activity as compared to controls (by 9.69%–87.85%

depending on fertilization method and sampling time) throughout

whole experiment. In S19 and A19, an upward trend in aforemen-

tioned enzyme activity was observed along with the decrease in the

mineral fertilizer dose. No statistically significant changes occurred

across the experimental period.

The highest increase in β-glucosidase activity as compared with

control was recorded in FA100(A19) and FA60(A19) (by 102.28% and

75.45%, respectively). However, a reduction in the activity of

β-glucosidase was observed in FA60(A18) and in FA100(S19). Statisti-

cally significant changes were noticed in A19.

When analyzing enzymatic activities throughout whole experi-

mental period it is clearly visible that protease, β-glucosidase, urease,

and acid phosphomonoesterase activities remained at higher levels in

FA100 and FA60. The highest activities of protease and urease were

observed in FA100. The application of biofertilizer also increased the

activity of acid phosphomonoesterase in FA60. On the other hand,

β-glucosidase activities were similar in both FA100 and FA60

throughout whole experiment. The statistically significant differences

between treatments were reported in case of acid phosphomonoes-

terase activity (Figure 1).

Application of phosphorus biofertilizer increased the content of

phytoavailable P2O5 in FA100(S19) by 2.52% as compared to FC(S19).

The second year of the field experiment witnessed a decline in the

quantity of P2O5 in the soil. Both FC(A18) and FC(A19) were charac-

terized by the higher P2O5 content as compared to corresponding

FA100 and FA60 treatments, whereas in FA100 and FA60 in a partic-

ular sampling time the quantity of assimilable phosphorus forms

remained at a similar level (Table 1).

In both year of the field experiment, application of phosphorus

biofertilizer increased average maize yield in FA100 and FA60 treat-

ments. In 2018, in FA100 and FA60 yield increased by 6.19% and

12.38%, while in 2019 by 2.90% and 33.45%, respectively

(as compared with corresponding controls). No statistically significant

differences occurred between particular treatments. Noteworthy is

the fact that FA60 treatments were characterized by the higher aver-

age maize yield in comparison with FA100 treatments (Table 1).

3.2 | Metabolic potential of soil microbial
communities

Based on the average absorbance values of C-substrates utilization in

ECO and FF Biolog plates during 216 incubation hours, the PCA was

performed. In most cases, treatments from particular sampling times

were clustered separately. PCA grouped the samples collected in A19

together in both plate types. Moreover, in ECOplates two groups

were formed: first contained FC(S19) and FA100(S19) and second

consisted of FA60(A18) and FA100(A18). Similar trend was noticed in
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FF plates where FA100(S19), FA60(S19), FC(A18), and FA100(A18)

also formed separated clusters (Figure 2).

Jaccard's coefficient index, based on the absorbance values of uti-

lized carbon substrates was calculated in order to point similarities

between particular treatments. The high values of aforementioned

index (0.95–1) indicate a strong resemblance of C-substrates utiliza-

tion patterns. The most similar utilization profiles in ECO plates were

observed between FA100(A19) and FA60(A19), and in the case of FF

plates, between FC(S19) and FA100(S19) (Table 2).

3.3 | The multiplex terminal restriction fragment
length polymorphism

Multiplex tRFLP fingerprinting profile showed that not only fertiliza-

tion method, but also sampling time influenced the structure of soil

microbiome. Soil samples taken at different times exhibited variations

in the number of T-RFs, their size and relative abundance. In silico

analysis with the TRiFLe software allowed to identify microbial genera

based on the size of selected T-RFs. Our results showed that T-RFs

F IGURE 1 Changes in soil
enzymatic activity in particular
treatments throughout the experimental
period. (a)-the activity of urease, (b)-the
activity of protease, (c)-the activity of
acid phosphomonoesterase, (d)-the
activity of β-glucosidase. Explanation:
FC-optimal dose of fertilizer,
FA100-optimal dose of fertilizer

enriched with microorganisms,
FA60-fertilizer enriched with
microorganisms (dose reduced by 40%),
PNP-p-nitrophenol. Vertical bars denote
0.95 confidence intervals. Vertical bars
denote 0.95 confidence intervals.
Significant differences (p < 0.05) were
calculated for all sampling times
together [Colour figure can be viewed at
wileyonlinelibrary.com]

F IGURE 2 Principal component
analysis (PCA) of C-substrate utilization
patterns after 216 hr incubation of ECO
(a) and FF (b) biolog plates. Explanation:
FC-optimal dose of fertilizer,
FA100-optimal dose of fertilizer enriched
with microorganisms, FA60-fertilizer
enriched with microorganisms (dose
reduced by 40%), A18-autumn 2018,
S19-summer 2019, A19-autumn 2019
[Colour figure can be viewed at
wileyonlinelibrary.com]
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with different sizes could be represented by various microorganisms

and, what is more, the same genera were identified within T-RFs

which differ from each other by several base pairs.

Soil bacterial communities were characterized by the richness

(number of obtained T-RFs) ranging from 4 to 15, with a simultaneous

decline in samples collected in S19 (Figure 3a). However, the increase

in the number of T-RFs were observed in FA60(A18) and FA100(S19)

as compared to corresponding controls. In whole restriction profile

there were no T-RFs common for all treatments and sampling times,

nonetheless 170 bp appeared throughout the whole experiment, with

the exception of FC(S19). Fragments with the highest relative abun-

dance were 112 bp (�41–49% reported from samples collected in

A19) and 128 bp (48.29%in FA60(S19)). It is worth mentioning that

the relative abundance of 113 bp (assigned to Lysobacter, Pseudomo-

nas, and Pantoea) increased in FA100(S19) (30.39%) as compared to

FC(S19) (13.36%). The similar trend was also observed in case of

120 bp (assigned to the abovementioned microorganisms) which rela-

tive abundance in FC(A18), FA100(A18), and FA60(A18) accounted

for 4.23%, 6.76%, and 6.55%, respectively. Comparing restriction pro-

files from particular sampling times it is clearly seen that both A18

and A19 exhibited increased diversity of obtained T-RFs and higher

Sorensen coefficient values (Table 3). Analysis with TRiFLe revealed

the presence of microorganisms assigned to selected DNA fragments

and belonged to the following phyla: Proteobacteria (Filomicrobium

(60 bp), Paracoccus (76 bp), Rhizobium (155 bp), Burkholderia

(360/364 bp), Salicola (60 bp), Proteus (90/94/100 bp), Klebsiella

(170 bp), Shigella (290 bp), Actinobacteria (Micrococcus [90/94 bp]),

Bacteroidetes (Proteiniphilum (90/94 bp), Flavobacterium (170 bp),

Firmicutes (Clostridium (170 bp), Staphylococcus (272 bp) Cyano-

bacteria [Anabaenopsis (256 bp]] and Gemmatimonadetes (74/80 bp).

TABLE 2 Jaccard's coefficient values

PlateType/sampling time

ECOplate FFplate

Treatment A18 S19 A19 A18 S19 A19

FC-FA100 0.80 0.90 0.97 0.93 0.95 0.92

FC-FA60 0.97 0.87 0.97 0.91 0.92 0.91

FA100-FA60 0.77 0.90 1.00 0.93 0.91 0.92

Note: explanation: FC-optimal dose of fertilizer, FA100-optimal dose of

fertilizer enriched with microorganisms, FA60-fertilizer enriched with

microorganisms (dose reduced by 40%), A18-autumn 2018, S19-summer

2019, A19-autumn 2019

F IGURE 3 Heat maps presenting the number of terminal restriction fragments, their relative abundance and genera prediction in bacterial (a),
archaeal (b) and fungal (c) communities. *The particular T-RF was present, but no identification of microorganisms occurred. Explanation: FC-
optimal dose of fertilizer, FA100-optimal dose of fertilizer enriched with microorganisms, FA60-fertilizer enriched with microorganisms (dose
reduced by 40%), A18-autumn 2018, S19-summer 2019, A19-autumn 2019 [Colour figure can be viewed at wileyonlinelibrary.com]
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In archaeal communities, richness ranged from 26 to 35, with the

highest values reported in soil samples taken in S19 (33–35 T-RFs,

depending on the treatment) (Figure 3b). The only treatment where

the number of T-RFs was higher than the control was FA100(S19). In

restriction profiles there were common T-RFs shared within all sam-

pling times and treatments (60, 90, 100, 180, 200, 220, 320 bp) and

some unique fragments which appeared only in treatments where

biofertilizers were applied (55, 143, 174, 350 bp). The highest

Sorensen coefficient values were noted in case of soil samples taken

in A18 and A19 (Table 3). The predominant archaeal T-RFs were

73 bp (affiliated to Halovivax) and 90 bp (attributed to Met-

hanocaldococcus and Thaumarchaeote) with the relative abundance

accounted for 18.53% [in FA60(S19)] and 16.81% [in FA100(S19)],

respectively. Identification with TRiFLe software showed that repre-

sentatives of Ferroplasma, Halobium, Salinigranum, Halopelagius,

Cenarchaeum, Nitrososphaera, Methanoculleus, Methanosaeta, and Met-

hanocalculus could be assigned to different T-RFs depending on the

treatment and sampling time. Our results proved that some archaea

were found in all treatments during the experimental period, for

example, Haloterrigena, Halovarius, Natrolimnobius, Haloplanus, and

Halovenus. On the other hand, there were genera belonged to unique

T-RFs, e.g. Pyrobaculum assigned to 150 bp and Zestosphaera con-

nected with 236 bp.

In fungal communities, the number of T-RFs varied between

2 and 37 and similar to bacteria, A18 and A19 were characterized by

increased richness and Sorensen coefficient values (Table 3) as com-

pared to S19. The increase in number of T-RFs was observed in

FA100(A18) and FA60(A18) as compared to FC(A18). Fragments that

reached the highest relative abundance throughout the experimental

period were 72 bp (32.52%in FC(A18)), 73 bp [64.46%in FA100(S19)],

128 bp [63.3%in FA60(S19)], 392 bp [41.54% in FC(S19)], and 369 bp

(38.83%in [FC(A19)] (Figure 3c). There were no T-RFs common for all

sampling times and treatments, however some of them appeared in

FC, FA100 and FA60 in both A18 and A19, e.g. 180, 240, 260,

340, 380, and 400 bp. It was observed that that the relative abun-

dance of 73 bp (assigned to Penicillium) increased in FA1009(S19)

(64.46%), FA60(S19) (36.69%) and FA60(A19) (2.92%) as compared to

FC(S19) (4.57%) and FC(A19) (2.78%). The increased relative abun-

dance of 170 bp (affiliated to Trichoderma) was reported in FA60(A18)

(2.08%), FA100(A19) (3.33%) and FA60(A19) (5.25%) in comparison

with corresponding control treatments FC(A18) (1.76%) and

FC(A19) (3.16%).

3.4 | Next generation sequencing (NGS)

3.4.1 | Bacterial and archaeal community
composition and functional prediction

Among the 188 identified OTUs at the order level, 171 were shared

between FA100, FA60, and FC across the all sampling times and con-

stituted the core microbiome (Figure 4a). What is worth mentioning,

FA100 and FA60 were characterized by the greater diversity than con-

trol (FC – 178, FA100–181, FA60–180 identified orders). The analysis

of seasonal shifts within particular treatments showed that the core

microbiome of FC (Figure 4d) consisted of higher number of identified

orders as compared to FA100 and FA60. The most diverse treatments

in terms of individual orders were FA100(A18), FA100(A19)

(Figure 4b), and FA60(A19) (Figure 4c). The distribution of common

and unique bacterial and archaeal orders in particular treatments and

sampling times is presented in Table S2 and S3. Bacterial orders which

were characteristic to FA100 included C20 (Chlorobi), Lactobacillales,

S0208 (Chloroflexi), and VC38 (Chlorobi) while GMD14H09

(Proteobacteria) and TG3-1 (Fibrobacteres) were unique to FA60.

Orders characteristic to both FA100 and FA60 included

Rhodothermales, LD1-PB3 (Verrucomicrobia), Oceanospirillales, and

SJA-36 (Acidobacteria) (Table S3). The bacteria which dominated

treatments within all sampling times belonged to the following orders:

Actinomycetales (12.69–19.08%), Rhizobiales (6.06–8.04%),

Xanthomonadales (3.16–6.43%), Rhodospirillales (4.40–5.49%),

Acidobacteriales (4.03–7.05%), and Solirubrobacterales (4.19–5.15%).

The relative abundance of particular orders was dependent on the

sampling time and fertilization method. In S19 the relative abundance

of Actinomycetales, Rhizobiales, Xanthomonadales, Sphingomonadales,

Burkholderiales, and Bacillales increased as compared to A18 and A19.

On the other hand, the relative abundance of Rhodospirillales,

Acidobacteriales, Acidimicrobiales, Thermogemmatisporales, Solibac

terales, Myxococcales, and Gemmatales was higher in samples col-

lected in autumn (Figure 4e).

Predictive functional profiling of the bacterial communities, based

on the 16S rDNA data, was conducted with PICRUSt (Langille

et al., 2013) and KEGG (http://www.kegg.jp/) and revealed that the

majority of identified OTUs was assigned to "Metabolism" (�54%)

followed by "Environmental Information Processing" (�15%),

"Genetic Information Processing" (�13%), "Genes and Proteins"

(�10%) and "Cellular Processes" (�5%) (Figure S2). In A18 number of

TABLE 3 Sorensen's similarity
coefficient values

Microbial group/sampling time

Bacteria Archaea Fungi

Treatment A18 S19 A19 A18 S19 A19 A18 S19 A19

FC-FA100 0.963 0.429 0.957 1 0.841 0.981 0.971 0.182 0.870

FC-FA60 0.897 0 0.957 1 0.824 1 0.958 0.222 0.809

FA100-FA60 0.857 0 0.909 1 0.806 0.981 0.986 0.667 0.889

Note: explanation: FC-optimal dose of fertilizer, FA100-optimal dose of fertilizer enriched with

microorganisms, FA60-fertilizer enriched with microorganisms (dose reduced by 40%), A18-autumn

2018, S19-summer 2019, A19-autumn 2019
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functional sequences in particular main KEGG classes remained at

similar level in all treatments. The application of biofertilizers in S19

contributed to the increase in the number of OTUs assigned to each

main KEGG class in FA100 and FA60, however, FC showed a rela-

tively similar number of functional OTUs to samples taken in A18. An

upward trend in the number of OTUs was also observed in A19 not

only in FA100 and FA60, but also in controls as compared to treat-

ments from S19. Throughout the experimental period, FA60(A19) was

characterized by the greatest number of OTUs associated with each

main KEGG class (Figure S3). The metabolism-related pathways

encompassed 12 subclasses, of which amino acids and carbohydrates

biotransformations displayed the highest number of OTUs. On the

other hand, the lowest number of OTUs identified with metabolic pro-

cesses was assigned to pathways associated with biosynthesis of

other secondary metabolites and glycans. It was also observed that

FA100 and FA60 in S19 and A19 were characterized by increased

number of sequences connected with xenobiotics degradation and

metabolism of terpenoids and polyketides (Figure S4). In-depth analy-

sis of PICRUSt metabolic pathways revealed that some OTUs were

assigned to P-related processes including glycerophospholipid metab-

olism, inositol phosphate metabolism, oxidative phosphorylation, pen-

tose phosphate pathway, phosphatidylinositol signaling system,

phosphonate and phosphinate metabolism, and phosphotransferase

system (PTS). The application of phosphorus biofertilizer in S19

increased the number of functional OTUs associated with phosphorus

processes in FA100 and FA60 treatments as compared to control soil

and A18 samples. It is worth mentioning that the identical trend was

maintained in soil samples collected in A19. Among P-related path-

ways, the highest number of OTUs was assigned to oxidative phos-

phorylation, followed by pentose phosphate pathway and

glycerophospholipid metabolism. Analyzing variations throughout the

experimental period, FA100(A19) and FA60(A19) were characterized

by the highest number of functional OTUs associated with phospho-

rus biotransformations (Figure S5). Some seasonal variations in bacte-

rial functional profiles were visualized with PCA plots, namely

treatments from particular sampling times formed separated clusters

(Figure S6).

3.4.2 | Fungal community composition and
functional guilds prediction

The composition of soil fungal communities was analyzed, similarly as

bacterial and archaeal communities, at the order level. Our data

F IGURE 4 Venn diagrams showing the distribution of shared and unique bacterial and archaeal operational taxonomic units (OTUs) identified
at the order level. (a)-treatments from all sampling times, (b)-seasonal variations in FA100 treatment, (c)-seasonal variations in FA60 treatment,
(d)-seasonal variations in FC treatment, (e)-the relative abundance of dominant bacterial orders throughout the experimental period. Explanation:
FC-optimal dose of fertilizer, FA100-optimal dose of fertilizer enriched with microorganisms, FA60-fertizer enriched with microorganisms (dose
reduced by 40%), A18-autumn 2018, S19-summer 2019, A19-autumn 2019 [Colour figure can be viewed at wileyonlinelibrary.com]
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showed that the core fungal microbiome, common for all treatments

across the experimental period, consisted of 106 detected OTUs out

of the total 131 defined orders (Figure 5a). Other identified OTUs

were distributed among particular fertilization methods. The soil envi-

ronment was dominated by representatives from the following orders:

Eurotiales, Hypocreales and Mortierellales, which accounted for

13.19–23.56%, 7.99–14.01%, and 4.22–7.88%, respectively, according

as sampling time and treatment (Figure 5e). In FC and FA100 the pres-

ence of 120 various fungal orders were reported, whereas for FA60

this number was 115. Regarding seasonal variations, a similar trend to

the bacterial community was observed, namely core microbiome of FC

encompassed higher number of orders than FA100 and FA60. What is

more, A18 and A19 within each treatment were characterized by

higher number of specific OTUs (Figure 5b–d). The distribution of

common and unique fungal orders in particular treatments and sam-

pling times is presented in Tables S4 and S5. Fungal orders specific for

FA100 included Coryneliales, GS02 (Rozellomycota), Micro-

stromatales, Rozellomycotina_ord_Incertae_sedis, and Teloschistales

whereas Gomphales and Hyaloraphidiales were unique to FA60.

Orders characteristic for both FA100 and FA60 encompassed End-

ogonales, Falcocladiales, Myriangiales, and Tilletiales (Table S5). The

soil environment was dominated by representatives from the following

orders: Eurotiales, Hypocreales, and Mortierellales, which accounted

for 13.19–23.56%, 7.99–14.01%, and 4.22–7.88%, respectively,

according as sampling time and treatment. Samples collected in S19

were characterized by the increased relative abundance of

Mortierellaes, Sordariales, Filobasidiales, and Agaricales, whereas the

relative abundance of Eurotiales, Chaetothyriales, Umbelopsidales, and

Pleosporales remained higher in A18 and A19 samples. In case of

Hypocreales, their contribution to the creation of soil fungal communi-

ties was higher in both S19 and A19 as compared to A18 (Figure 5e).

A functional prediction of the fungal community showed that the

soil environment was dominated by the representatives of

saprotrophs (29.12–39.57%), followed by saprotrophs-symbiotrophs

(5.93–9.23%), pathotrophs-saprotrophs-symbiotrophs (5.78–8.91%),

and pathotrophs (3.20–6.87%). It is worth mentioning that FA100 and

FA60 in both S19 and A19 were characterized by the lower relative

abundance of pathotrophs as compared to corresponding controls. At

the same time, the increments in relative abundance of saprotrophs-

symbiotrophs were observed in FA100(A18) and FA100-FA60(A19)

(Figure S7). A deeper look in fungal ecological guilds revealed that the

saprotrophs population was mainly dominated by undefined

F IGURE 5 Venn diagrams showing the distribution of shared and unique fungal operational taxonomic units (OTUs) identified at the order
level. (a)-treatments from all sampling times, (b)-seasonal variations in FA100 treatment, (c)-seasonal variations in FA60 treatment, (d)-seasonal
variations in FC treatment, (e)-the relative abundance of dominant fungal orders throughout the experimental period. Explanation: FC-optimal
dose of fertilizer, FA100-optimal dose of fertilizer enriched with microorganisms, FA60-fertizer enriched with microorganisms (dose reduced by
40%), A18-autumn 2018, S19-summer 2019, A19-autumn 2019 [Colour figure can be viewed at wileyonlinelibrary.com]
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saprotrophs which accounted for �50–60% of the total aforemen-

tioned guild, whereas endophyte-litter saprotroph-soil saprotroph-

undefined saprotroph was the dominant group among saprotrophs-

symbiotrophs (7.13–13.72%). Pathotrophs were mainly represented

by animal and plant pathogens, however, the relative abundance of

animal pathogens decreased in FA100 and FA60 in both S19 and A19

in comparison with corresponding controls. Lower contribution of

plant pathogens in fungal community structure was also observed in

FA60(A18) and FA100(S19). The relative abundance of selected fun-

gal ecological guilds, important in terms of soil health, increased in

FA100 and FA60 treatments. Such changes included the following

guilds: wood saprotroph (FA60(A18), FA100-FA60(A19)), dung

saprotroph-ectomycorrhizal-litter saprotroph-undefined saprotroph

(FA60(A19)), ectomycorrhizal-wood saprotroph (FA100(A19)),

endophyte-litter saprotroph-wood saprotroph (FA100-FA60 across

whole experimental period), and arbuscular mycorrhizal (FA100-FA60

(A18), FA60(S19), and FA60(A19) (Figure S8).

3.4.3 | Beta diversity of soil microbial communities

Visualization of the beta diversity distribution between treatments

and sampling times was demonstrated by the PCoA plots and UPGMA

dendrograms on the basis of Bray–Curtis dissimilarity index. In PCoA

plots the clear separation of treatments, depending on the soil sam-

pling time, for both bacteria (Figure 6a) and fungi (Figure 6b) was

reported. Interestingly, in most cases it was possible to distinguish

inner clusters in which controls would be isolated from FA100

and FA60.

UPGMA dendrogram for bacteria showed two well-defined clus-

ters: one included S19 treatments and second one encompassed dif-

ferentiated A19 and A18. In both S19 and A19, the FC was separated

from FA100 and FA60 (Figure 6c). Similar trend, namely two main

groups were distinguished in case of fungal communities, however,

some differences in comparison with bacteria were noticed. First main

cluster was composed by A18 treatments and second, including three

sub-clusters, by S19 and A19 treatments. FA100 and FA60 treat-

ments from particular sampling time were clustered together and

were clearly isolated from controls. What is worth mentioning, there

is a possibility to distinguish another inner cluster which would

encompass FA100(A19), FA60(A19), FC(S19), and FC(A19)

(Figure 6d).

The relationships between soil microbial communities in particular

treatments and sampling times were also investigated with the appli-

cation of NMDS (Figure 7). In bacterial metagenome, a clear separa-

tion of A18 treatments from S19 and A19 along the axis 2 was

noticed. Regarding the clustering along axis 1, all three controls

remained at the higher part of axis 1, while FA60(A18) and FA60(S19)

F IGURE 6 Principal coordinates analysis plots (a and b) and UPGMA dendrograms (c and d) based on the bray-Curtis distances for bacterial
(a and c) and fungal (b and d) communities. Explanation: FC-optimal dose of fertilizer, FA100-optimal dose of fertilizer enriched with
microorganisms, FA60-fertilizer enriched with microorganisms (dose reduced by 40%), A18-autumn 2018, S19-summer 2019, A19-autumn 2019
[Colour figure can be viewed at wileyonlinelibrary.com]
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were isolated from FA100(A18) and FA100(S19) and occupied the

higher and the lower part of aforementioned axis, respectively. It was

also noticed that individual replications of FA100(A18) treatments

were the furthest apart in the ordination space; on the other hand

points corresponding to FA60(A19) and FA100(A19) were relatively

closely related (Figure 7a). In fungal communities the NMDS ordina-

tion plot showed a clear clustering of treatments along the two axes.

Microbiologically enriched treatments were located at the higher part

of axis 2, whereas the controls occupied the lower part of this axis.

Similar trend as in bacterial communities was observed, namely A18

treatments were placed at the left side of axis 1, while the opposite

extreme of this axis was positioned by S19 and A19 treatments

(Figure 7b). The highest dispersion between individual replications

was observed in case of A18 samples. Relatively far apart were placed

points corresponding to FA100(S19) and FC(S19), however these dis-

tances were smaller as compared to A18 treatments. The closest

points to each other in the ordination space were A19 samples.

The alpha diversity was expressed by the Shannon diversity index

(H). The highest H values in bacterial communities were reached in

FA100(A18) and FA60(A19) (Figure 7c), while in fungal metagenome

in FA100(A18) and FA100-FA60(A19) (Figure 7d). Fungal communi-

ties were characterized by the higher variation in H as compared to

bacterial communities, whereas H reached higher values in case of

16S rDNA data.

4 | DISCUSSION

Enzymatic activity is unquestionably one of the bioindicator of soil

quality and reflects shifts in soil environment under the influence of

various treatments, both organic and inorganic (Kwiatkowski et al.,

2020). This study revealed variations in the activity of selected soil

enzymes: protease, urease, acid phosphomonoesterase, and β-glucosi-

dase. Analyzing the results in individual treatments throughout experi-

mental period it was found that FA100 and FA60 were characterized

by enhanced activity of protease, urease, acid phosphomonoesterase,

and β-glucosidase. According to Mengual et al. (2014) degraded soil

inoculated with beneficial bacterial strains (Bacillus megaterium,

Enterobacter sp., Bacillus thuringiensis, and Bacillus sp.) and sugar beet

was characterized by the increased dehydrogenase, protease, urease,

and β-glucosidase activity. The fluctuations in the activity of investi-

gated enzymes in this study may arise from the fact that this parame-

ter is sensitive to changes in the soil environment within 2 years after

the exposure to a specific factor (Dick & Kandeler, 2005). It is particu-

larly noteworthy that in the FA100(A19) and FA60(A19) treatments,

the activity of all analyzed enzymes remained at higher levels as com-

pared to control treatment, which may indicate that some stability was

achieved among the microbial communities and the pathways of N, P,

and C compounds mineralization were adjusted to changes in under-

ground environment caused by introduction to the soil microorganisms

F IGURE 7 Nonmetric
multidimensional scaling (NMDS) plots
(a and b) and Shannon diversity (c and d)
for soil bacterial (a and c) and fungal
(b and d) communities. In (a) and (b) large
dots represent centroids and small dots
represent individual samples connect to
the centroids. Explanation: FC-optimal
dose of fertilizer, FA100-optimal dose of

fertilizer enriched with microorganisms,
FA60-fertilizer enriched with
microorganisms (dose reduced by 40%),
A18-autumn 2018, S19-summer 2019,
A19-autumn 2019 [Colour figure can be
viewed at wileyonlinelibrary.com]
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combined with fertilizer granules. Adaptation of microorganisms to the

new fertilization technique may also be supported by recording the

highest protease, acid phosphomonoesterase, and β-glucosidase activi-

ties in second year of field experiment. The increased acid phospho-

monoesterase activity maintained throughout the experimental period

in FA100 and FA60 treatments may be explained as the introduction

of a specific fertilizer combined with beneficial bacterial strains

directed and stimulated soil microorganisms towards phosphorus

metabolism. Enhanced acid phospomonoesterase, β-glucosidase, and

protease activity may be also associated with the acceleration of meta-

bolic processes as reflected by the increased number of functional

OTUs (in FA100 and FA60) assigned to phosphorus, carbohydrates,

and amino acids biotransformations.

It is commonly known that weather conditions are one of the fac-

tors affecting the status of soil microbiome (Furtak et al., 2020). In our

study rainfall remained at similar level on each of the three sampling

times which may suggest that it had no effect on soil microbiome

properties. It is worth mentioning that S19 recorded a relatively high

temperature, possibly stimulating the activity of soil microorganisms.

According to Heidari et al. (2019) acid phosphatase activity increased

in soil along with the temperature which may be supported by the

enhanced activity of abovementioned enzyme in FA60(S19). Higher

temperature may also stimulate metabolic processes and occurrence

of particular microbial orders in S19. Nevertheless, it should be con-

sidered that the application of phosphorus biofertilizer affected soil

microorganisms to a greater extent than weather conditions.

Application of phosphorus biofertilizer resulted in changes in the

bioavailability of P in the soil. The increase in the quantity of available

P in FA100(S19) remains in agreement with Wang, Liu, et al. (2021)

who observed that soil samples inoculated with Bacillus subtilis, Bacil-

lus licheniformis, and Bacillus amyloliquefaciens were characterized by

the higher content of assimilable phosphorus forms as compared to

non-inoculated control. However, the decline in P2O5 content in par-

ticular FA100 and FA60 treatments may be related to enhanced acid

phosphomonoesterase activity and more efficient exploitation of P

compounds.

In meta-analysis conducted by two researchers (Schmidt &

Gaudin 2018) it was found that the biofertilizers increased maize yield

by an average 15.3% in field experiments and 18.4% in pot studies.

Increased maize yield in FA100 and FA60 may be related with the

enhanced soil enzymatic activity and hence with the higher nutrients

availability. It is possible that the microorganisms provided in the

biofertilizers accelerated the solubilization of phosphorus compounds,

resulting in improved plant productivity. Furthermore, it was

described that amino acids are plant growth stimulants and phospho-

rus biofertilizers, by increasing the number of OTUs associated with

amino acids metabolism, may improve crop yield (Moe, 2013; Wang,

Liu, et al., 2021). Increased maize yield in 2018 as compared to 2019

may be also related to higher P2O5 content in the soil. Simultaneously,

a reduction in the quantity of available P may also be linked to the

depletion of nutrients necessary for plant growth. Our study showed

that the phosphorus biofertilizer application was more efficient in

FA60 treatments, creating an opportunity to reduce mineral fertilizer

doses along with achieving higher yields.

The metabolic potential of soil microorganisms toward C-

substrates utilization showed a seasonal responses to an application

of biofertilizers. In most cases, a clear clustering of treatments

according to sampling time was observed. However, the apparent dis-

crimination of FC and FA60 among A18 and S19 in PCA ordination

space may indicate that both bacteria and fungi modify their meta-

bolic pathways differently in response to biofertilizers application and

this response depends on the stage of growing season. As Zhang,

Tang, et al. (2010) described, soil bacteria associated with non-

inoculated P. tabulaeformis seedlings were significantly separated from

samples inoculated with ectomycorrhizal fungi in terms of functional

profiles. The clear separation of S19 from A18 and A19 may be

related to the intensification of photosynthesis in summer and the

releasing of the products of this process to the soil. Simultaneously,

the separation of FA60 may be connected with the competition for

nutrients between indigenous microbiota and microorganisms pro-

vided with biofertilizers (Kandasamy et al., 2019). The fact that sea-

sonality affected the metabolic properties of particular soil microbial

communities is evidenced by the higher differences in Jaccard's coef-

ficient reported in both ECO and FF plates in A18 and S19, respec-

tively. As Koranda et al. (2013) mentioned, microbial communities

differ in utilization of C-compounds depending on the season and the

previously mentioned separation may be related to the fact that vari-

ous chemical compounds were the preferred carbon sources in the

particular treatments at different stages of the experiment. In winter,

the preferred carbon source was cellulose, whereas utilization of glu-

cose increased in summer. Nevertheless, the highest number of func-

tional OTUs associated with amino acids and carbohydrates

metabolism throughout the experimental period point that certain

compounds are exploited primarily by microorganisms, regardless of

sampling time and fertilization techniques. According to Jacoby

et al. (2017) plants exudates are rich in sugars and amino acids and

the high bioavailability of aforementioned components may be related

to their enhanced metabolism in comparison with other compounds.

On the other hand, the accomplishment of a metabolic balance and

adjustment to a new fertilization practice among microbiome

inhabiting studied soil may be confirmed by clustering of A19 treat-

ments together in both ECO and FF plates and relatively high values

and small differences of Jaccard's coefficient between FC, FA100, and

FA60. Grouping all A19 treatments together may be also associated

with the fact that FC(A19), FA100(S19), and FA60(S19) were charac-

terized with the highest number of functional OTUs associated with

metabolic processes. It is thought that soil microorganisms remain

more responsive in warm season (Xu et al., 2021), however, our

results showed that application of biofertilizer may prolong the activ-

ity of soil microbiome and moreover, enhance it despite autumn tem-

perature decline. Seasonal variations in functional and metabolic

profiles of soil microorganisms were also supported by the PCA

grouping based on the number of functional OTUs assigned to a par-

ticular biochemical pathways.

Investigation of soil microorganisms biodiversity involves not only

soil enzymatic activity and functional profiles, but also genetic vari-

ability. Our research showed that the application of biofertilizers

affected the composition of soil microbiome, however, the response
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depended on particular treatment, sampling time, and microbial group.

The observed variations in genetic restriction profile referred to both

the number of T-RFs in the restriction profiles and their relative abun-

dance. The increase in the number of T-RFs in FA100 and FA60 may

suggest the positive impact of applied biofertilizers on the genetic

diversity of soil microorganisms. Similar results were observed by

Trabelsi et al. (2011, 2012) and Kandasamy et al. (2019) where bacte-

rial richness increased in soil inoculated with beneficial microorgan-

isms. Soil inoculated with Ensifer meliloti 4H41, Rhizobium gallicum 8a3

and consortium of these strains exhibited the increased number of T-

RFs, accounted for 51, 46, and 36, respectively, as compared to non-

inoculated control (13 T-RFs) (Trabelsi et al., 2012). On the other

hand, the decrease in the number of T-RFs in bacterial and fungal

communities in S19 may be a result of sensitivity of microorganisms

to a new fertilization regime. According to Zhang, Sun, et al. (2010)

Rhizobium spp. inoculation lowered the bacterial richness in the rhizo-

sphere of faba bean. In archaea community, the number of T-RFs

remained at a relatively similar level during the whole experimental

period, which may indicate greater stability of aforementioned group

in the face of modified environmental conditions. The high Sorensen's

coefficient values between treatments in A18 and A19 point to the

close similarity in the distribution of terminal restriction fragments

among soil bacteria, fungi, and archaea communities (Walitang

et al., 2019). On the contrary, in S19 treatments lower values of

above-mentioned index result from the presence of many unique T-

RFs that were specific for a particular fertilization method.

The assignment of selected T-RFs to a various microbial genera

with TRiFLe software revealed the presence of some ecologically

important microorganisms. Among archaea, members of Nitrososphaera

genus are ammonia oxidizing archaea (AOA) which are thought to be a

key element in the nitrogen biogeochemical cycle (Mukhtar

et al., 2019), Ferroplasma spp. species are involved in iron cycling

(Golyshina, 2011) and representatives of Methanocaldococcus spp.,

Methanosaeta spp., Methanosarcina spp., and Methanomethylovorans

spp. are well-described methanogens (Cha et al., 2013; Ferry, 2020;

Mori et al., 2012; Susanti et al., 2019). Beneficial microorganisms

among bacteria may be represented by strains of Rhizobium spp. and

Lysobacter spp. Members of Rhizobium spp. genus are commonly

known legume plants symbionts and nitrogen fixers (Lindström &

Mousavi, 2020), whereas Lysobacter spp. was found to exert plant

growth promoting properties and was considered as a biocontrol agent

against Fusarium graminearum (Chen et al., 2020). It is worth emphasiz-

ing that the aforementioned microorganisms were also characterized

in terms of phosphate dissolving abilities. Lysobacter enzymogenes

LE16 increased water-soluble phosphorus content in the soil and

boosted P uptake in lettuce seedling (Chen et al., 2019), Burkholderia

cepacia SCAUK0330 solubilized phosphate from insoluble Ca3(PO4)2 in

a liquid medium (Zhao et al., 2014), Pseudomonas aeruginosa

KR270346 and KR27034 increased the available P content in the soil

and enhanced phosphatase activity (Linu et al., 2019), whereas Pantoea

agglomerans IALR1325 synthesized extracellular enzymes (acid phos-

phatase and phytase) and dissolved Ca3(PO4)2 and Ca5(PO4)3OH (Mei

et al., 2021). The application of phosphorus biofertilizer in S19

increased the relative abundance of 113 bp and 120 bp T-RFs within

which Lysobacter spp., Pantoea spp. and Pseudomonas spp. representa-

tives were identified, what may suggest that the phosphorus bio-

fertilizer promotes the occurrence of microorganisms involved in P

solubilization. The identified bacterial genera were assigned to differ-

ent phyla, confirming the high diversity among studied community.

The analysis of fungal community showed that selected T-RFs may be

attributed to strains that exhibit plant growth promoting properties

(Penicillium spp.) (Naziya et al., 2020), saprotrophs involved in SOM

decomposition (Cortinarius spp., Conocybe spp.) (Barnes et al., 2016;

Müller et al., 2020) biocontrol agents (Metarhizium spp., Trichoderma

spp., Clonostachys spp.) (Faria et al., 2017; Sun et al., 2020), plants and

algae/cyanobacteria symbionts (Boletus spp., Bacidia spp.) (Malíček

et al., 2018; Treindl & Leuchtmann, 2019) and microorganisms used in

bioremediation (Solicoccozyma spp.) (Stosiek et al., 2019). Interestingly,

representatives of Penicillium spp. and Trichoderma spp. were also

found to exhibit P-solubilizing abilities. Penicillium guanacastense was

able to solubilize phosphorus in microbiological media containing

AlPO4, Ca3(PO4)2, and FePO4�4H20, while Trichoderma koningiopsis

synthesized organic acids to solubilize Ca3(PO4)2 at high pH stress

(Qiao et al., 2019; Tandon et al., 2020). The afore-described properties

are significant for land rehabilitation based on microbial-derived prod-

ucts as they contribute to the improvement of nutrient availability,

reduce the number of potentially harmful organisms and detoxify

pollutants.

A broader analysis of the genetic diversity of microorganisms in

soil fertilized with phosphorus biofertilizer was conducted using NGS

and metataxonomic approach. Venn diagrams were drawn in order to

expose the number and the seasonal distribution of OTUs identified

at order level within microbial communities. The high number of OTUs

between individual treatments indicates the presence of many com-

monly occurring microorganisms, regardless of fertilization regime.

Particularly noteworthy is the fact the studied soil was dominated by

Rhizobiales and Actinomycetales, some representatives of which were

previously characterized for their beneficial features toward plant

growth and development and improvement of soil quality. Rhizobiales,

apart from nitrogen-fixing properties, synthesize plant hormones and

improve nutrient uptake. Actinomycetales are involved in P solubiliza-

tion in the soil, suppress pathogens such as Pythium ultimum and

Erwinia carotovora, excrete siderophores, increase nutrient uptake and

boost plant growth (AbdElgawad et al., 2020; Erlacher et al., 2015).

Beneficial properties including synthesis of plant hormones (abscisic

acid, gibberellins, and zeatin) were also found among Sphingomonas

spp. which belong to the Sphingomonadales (Sun et al., 2021). Fur-

thermore, the highest relative abundance of aforementioned orders

was reported in FA100 in S19, which may suggest the beneficial

impact of microbiologically enriched phosphorus biofertilizer. Taking

into consideration fact that the relative abundance of these bacterial

orders increased also in FC(S19) as compared to FC(A18), application

of phosphorus biofertilizer in optimal dose may stimulate seasonal

changes in bacterial communities. Simultaneously, the fungal commu-

nity comprised mainly of Eurotiales, Hypocreales and Mortierellales. It

is worth mentioning that most representatives of Eurotiales are
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saprotrophs and exert high diversity in metabolic abilities (Geiser

et al., 2006), Hypocreales encompasses wide range of

entomopathogenic fungi (Barnett & Johnson, 2013) and some species

within Mortierellales (e.g. Mortierella globalpina, Mortierella elongata)

are involved in phosphorus cycling in soil (Mącik, Gryta, Sas-Paszt, &

Frąc, 2020; Ozimek & Hanaka, 2021). The domination of saprotrophic

Eurotiales remains in agreement with FUNGuild results which showed

that saprotrophs was main ecological fungal guild throughout the

experiment.

Considering the increase in the number of bacterial order level

OTUs in FA100 and FA60, it can be assumed that the application of

biofertilizers contribute to a favorable shift in the composition of

microbiome. The obtained results remained in agreement with Shen

et al. (2015) who observed increase in bacterial diversity in soil

amended with biofertilizer in 2-year experiment. However, the posi-

tive impact of biofertilizers on genetic diversity of soil microorganisms

have been described by the researchers. In study conducted by Dong

et al. (2019) it was reported that application of biofertilizer increased

bacterial diversity, increased the relative abundance of Bacillus, Bur-

kholderia, Rhizobium, and Streptomyces which are considered as a

potentially beneficial microorganism and lowered the relative abun-

dance of Fusarium. A result obtained from Wang, Liu, et al. (2021)

showed that soil amended with Bacillus subtilis was characterized by

higher number of OTUs and increased Chao1 and Shannon indices as

compared to non-inoculated control. Nevertheless, in case of fungi,

total number of OTUs remained at the same amount in FC and

FA100, with slight decrease in FA60, which may be associated with

the less content of nutrients provided with the 40% reduced dose of

mineral fertilizer. It is worth emphasizing that one the fungal orders

specific for FA100 was Teloschistales, which comprise more than a

1000 lichenized species (Gaya et al., 2015). The analysis of the sea-

sonal shifts in soil microbiome within particular treatments showed

that the A18 and A19 treatments were characterized by the higher

number of specifically occurring OTUs, which is inextricably linked

with the greater genetic diversity. Furthermore, the greater seasonal

variation in FA100 and FA60 may also be indicated by the lower num-

ber of OTUs constituting the core microbiome in the aforementioned

treatments as compared to control. Overall, the relative abundance of

identified orders was affected to greater extent than their number. A

similar trend at the phylum and class level was observed in fungal

communities in study conducted by Wen et al. (2020). The increase in

the genetic diversity in soil microbiome may be also supported by the

higher Shannon index values, especially in FA100-FA60(A19) as com-

pared to control. Analyzing H values in soil microbiome it was

reported that bacteria were characterized by the greater diversity

than fungi, which is also confirmed by the number of identified OTUs

at order level.

Predictive functional profiling of soil bacterial communities, based

on the 16S rDNA data, revealed that the application of phosphorus

biofertilizer affected all metabolic pathways identified with KEGG

database, also biotransformations and processes associated with P-

compounds. Improved energy metabolism was evidenced by,

i.e., enhanced oxidative phosphorylation, which may indicate the

increased ATP synthesis, main energy carrier in intracellular metabolic

processes (Chen & Nielsen, 2019). The higher number of OTUs associ-

ated with lipid metabolism was linked with the enhanced

glycerophospholipid metabolism. Gram negative bacteria cell wall

membranes, which determines survival under stress conditions and

the proper cell functioning, are mainly composed of phospholipids

(Chi et al., 2020). Hence, the higher metabolism of abovementioned

P-containing compounds may result in better adaptation of soil bacte-

ria to not only environmental factors but also new fertilization regime

(Srour et al., 2020). Another P-related pathways identified among

'Metabolism' main KEGG class included phosphonate and phosphinate

metabolism, pentose phosphate pathway and inositol phosphate

metabolism. Certain microorganisms (Planctomycetes, Cyanobacteria,

and Firmicutes) were found to utilize phosphonates, thus increasing

the amount of available P in the soil (Tapia-Torres et al., 2016) and,

interestingly, representatives of Firmicutes (Clostridium spp., Staphylo-

coccus spp.) and Cyanobacteria (Anabaenopsis spp.) were identified

with TRiFLe software in this study. According to Bore et al. (2017)

intensification of pentose phosphate pathway is inextricably linked

with increased NADPH synthesis, a compound involved in protein

and lipid biosynthesis. On the other hand, phosphorylated inositol

forms may constitute the P source in the soil (Herrou &

Crosson, 2013). P-associated processes were also found in 'Environ-

mental Information Processing' and encompassed "Phospho-

transferase system" (PTS) and "Phosphatidylinositol signaling system".

PTS is a translocation system which combines carbohydrates

(e g. glucose, fructose, lactose, mannitol) uptake with their phosphory-

lation. In general, PTS system provide bacteria with a favourable path-

way to obtain sugars from the environment (Erni, 2013). On the other

hand, phosphatidylinositol may be a signal mediator in salt stress

response in mycobacteria (Morita et al., 2010).

Apart from phosphorus compounds transformations, an important

aspect, in terms of improving soil health, is the removal of contami-

nants such as xenobiotics (Mishra et al., 2021) The higher number of

sequences assigned to xenobiotics biodegradation and metabolism

may indicate that phosphorus biofertilizer stimulate bacterial bioreme-

diation potential toward specific substances. What is more, the high

genetic diversity of soil microbiome inhabiting studied soil may be

confirmed by the occurrence of some metabolic pathways. According

to Xun et al. (2019) genes involved in 'Xenobiotics biodegradation and

metabolism' and 'Metabolism of terpenoids and polyketides' are car-

ried by a small group of soil microorganisms (Actinobacteria), hence

biofertilizer may stimulate the activity of microbial groups demon-

strating highly specialized functions.

Fungal functional profile, constructed based on the ITS data,

revealed the presence of ecological guilds useful for soil health

improvement. Saprotrophic fungi (involved in decomposition of sub-

stances including wood, dung, and plant litter) are known to increase

nutrient content, improve water retention and participate in carbon

cycling (Clocchiatti et al., 2020), whereas ectomycorrhizal and

arbuscular mycorrhizal fungi stimulate rooting and provide plants

with essential mineral components, including phosphorus (Frąc

et al., 2018).
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β-diversity expressed by PcoA, UPGMA, and NMDS analyses

showed that the sampling time was main factor influencing the com-

position of soil microbiome. The distinct clustering of treatments

according to sampling time was associated with the relative abun-

dance of particular microbial groups. Based on the UPGMA clustering,

bacterial communities were more similar to each other in A19 and

A18, so application of biofertilizer may resulted in only temporary

changes that did not persist over time. This may also be related to the

rapid adaptation of the soil bacteria to the new fertilization regime

and stimulation of the occurrence of selected microbial groups during

warm season. On the other hand, changes in the relative abundance

did not reflect variations in functional profiles, as the A19 treatments

were associated with the highest number of functional OTUs. Analyz-

ing shifts in the fungal communities, treatments were separated

according to the year, so it may indicate that the introduction of bio-

fertilizer resulted in variations in the relative abundance that persisted

from summer to autumn, which may be also supported by PCoA anal-

ysis. This may also point to slower adjustment of fungal communities

to agrotechnical procedures such as fertilization. Moreover, the dis-

tinction of FA100 and FA60 from FC showed that biofertilizer shaped

the soil environment and microbial communities tried to adopt to the

new conditions. Grouping treatments according to soil sampling time

was also observed in study conducted by Yang et al. (2020), where

soil samples (under wheat cultivation), inoculated with mixture of ben-

eficial bacteria (including Azospirillam brasilense, Bacillus subtilis, Bacil-

lus licheniformis, and Bacillus mucilaginosus) formed clusters (in PCoA

and UPGMA) encompassing samples collected in tillering period, turn-

ing green period, grain filling period, and maturity period, respectively.

In NMDS ordination space the close promixity of smaller points

indicates that treatments are more similar to each other in the compo-

sition of microorganisms; simultaneously greater distances between

points reflects greater variations in the biodiversity of bacterial and

fungal communities (Galitskaya et al., 2021). In our study, the dis-

tances between smaller points corresponding to individual samples

were relatively short within A19 treatments as compared to other

sampling times, which may infer that some balance in the composition

of the soil microbiome has been achieved. According to Wang, Liu,

et al. (2021) microbial communities, faced with different fertilization

techniques, may remain more stable in long-term studies as compared

to short experimental period. Taking into consideration growing num-

ber of OTUs along with the sampling time, we hypothesize that the

application of biofertilizers in long-term studies may induce changes

in microbial communities at the gene level. The distinction of mineral

fertilization from organically amended soil in NMDS plots was also

reported in study conducted by Francioli et al. (2016).

5 | CONCLUSIONS

Unsustainable land management in agroecosystems may result in soil

degradation and reduction in the quality of soil microbiome. In view of

the importance of soil microorganisms for the proper functioning of

arable lands, we proposed the application of phosphorus mineral

fertilizer enriched with strains of beneficial bacteria and highlighted

the improvement of microbiological indicators of soil health including

soil enzymatic activity, occurrence of microorganisms exerting plant

growth promoting properties and increased genetic diversity among

microbial communities. We have evaluated the effect of phosphorus

biofertilizer expressed by the enhanced maize yield and increased

number of OTUs associated with phosphorus processes. We have also

emphasized seasonal changes in the status of soil microbiome.

Throughout the experimental period we have observed variations in

soil environment leading to certain stability in the autumn 2019 which

may be a result of adaptation of indigenous microbiota to new fertili-

zation regime. Our results indicate that phosphorus biofertilizer is an

ecofriendly and effective alternative to traditional mineral fertilizers

and has potential applications in sustainable agriculture and soil man-

agement practices based on microbial-derived preparations.
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