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Abstract

This study aimed to survey the long-term effects of fertilization practices on the functional

diversity of the soil microbiota. A 60-year fertilization experiment with mineral fertilizers,

farmyard manure and combined treatments was sampled in two consecutive years in maize

(Zea mays L.) and wheat (Triticum aestivum L.). Soil chemical properties, plant growth and

physiological parameters were measured. The MicroRespTM method was applied to assess

the community level physiological profiles (CLPPs) of the rhizosphere soil, and the arbuscu-

lar mycorrhizal fungal (AMF) colonization of the roots was determined. Samples were taken

in the early vegetative stages, at flowering, and at harvest in both years. The measured

parameters were analysed using multifactorial ANOVA to determine treatment effects, crop-

dependent differences, and seasonality. PCA analysis was performed on the data matrix to

reveal more complex correspondences, and Pearson’s product-moment correlation was

used to confirm relationships between some of the measured soil and plant parameters.

Fertilization treatments caused long-term changes in some biological parameters such as:

MicroRespTM parameters, citrate utilization, total substrate-induced respiration value, and

the ratio of utilization of amino acids and sugars. The rate of AMF colonization responded

mainly to the plant nutrition status and the plant requirements, suggesting a plant-mediated

effect in the case of mycorrhiza. Mineral nitrogen fertilization and soil acidification were

found to be the main factors affecting the catabolic activity of soil microbiota, while AMF col-

onization responded to the balance of plant nutrition.

Introduction

The main aim of annual fertilization and regular manuring is to establish long-term yield stabil-

ity. Continous field experiments have provided a huge amount of data on yield stability as well

as on many of other parameters, which are well discussed in the results published from the
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long-term experiment studies in the present paper [1–3] and from other similar ones [4–7]. An

increase in macronutrients may contribute to higher yield, depending on the crop species, pre-

vious cropping regime [2], meteorological conditions, or the balance of fertilization. Soil macro-

nutrients are important for yield stability, though they are not the only factor affecting

sustainability. Unbalanced nutrition, including micronutrients, changes the soil properties,

such as pH or aggregate formation, and causes shifts in soil microbiota - the invisible part of soil

health. These could reduce or eliminate the effect of fertilizers, making the system performance

unsustainable [8–10]. The natural resilience of soils is crucial for sustainable agriculture [11].

Investigations into the biological part of soil fertility and health has only started recently,

and the methodology used is very diverse. Community level investigations on the soil micro-

biota provide information only on a very small part of the whole system, but can provide useful

data about the degree and direction of shifts in the microbiota. Several methods are used to

assess the composition, diversity or functioning of soil microbial communities. RNA- or

DNA-based methods like DGGE (Denaturing gradient gel electrophoresis) [8,12] community

sequencing [13–16], substrate utilization profile assays [17], enzyme activity measurements

[12] and fatty acid methyl ester analysis fingerprinting [9,18] are only some of the currently

applied methods [19].

The MicroRespTM technique is commonly used to assess the community level physiological

profiles (CLPP) to monitor soil health and quality [20]. In this method, the whole soil sample is

incubated and analysed, thus establishing a complete picture of the catabolic ability of the soil

microbiota through substrate induced respiration (SIR) measurements and the functional diver-

sity of the soil [21]. The utilization pattern of C-source substrates (e.g. sugars, amino acids,

organic acids) may indicate differences in the microbial community composition of soils.

Arbuscular mycorrhizal fungi (AMF) are widespread obligate root microsymbionts with

low host specificity [22,23]. The functional and genetic diversity of indigenous soil AMF can

be good indicators of soil health in agricultural systems with different crops or crop rotations.

The AMF colonization rate may be influenced by the soil (even if it’s with the mediation of the

plant partner) and the host plant [24].

In most cases phosphorus and nitrogen are two essential macronutrients that regulate plant

growth. Both the plant-associated bacteria and the symbiotic or free-living fungi may have a

crucial role in controlling nutrient mobilization, immobilization, and element transport pro-

cesses in the soil [25]. In a cooperative way with the AMF, the bacterial communities in the

mycorrhizosphere and hyphosphere promote the P solubilisation and N fertilization. Soil

nutrient levels influence AMF colonization activity, thus affecting the coexistence of plant spe-

cies and microbes [26]. Soil P supply may change the symbiotic cost-to-benefit ratio [27]. P

limitation increases the presence of AM fungal structures in the root system, whereas a high

concentration of available phosphorus decreases successful AMF colonization rates.

Apart from phosphates, external AM fungal hyphae can absorb NO3
- and NH4

+, utilize

organic N sources and possibly activate N transporters in the plant. Over-fertilization of N

decreases the number of appressoria (the entry points of AMF) and the intensity of AMF root

colonization. However, organic matter addition to the soil may increase the P available for

plants, leading to a lower mycorrhizal dependence. The soil N/P and C/P element ratios may

regulate the microbial community composition and enzyme activities [28,29].

A 60-year NPK fertilization field experiment provided the framework for the present inves-

tigations, where the following questions were addressed: 1. What are the main effects of long-

term soil fertilization practice on the soil physicochemical and biological parameters? 2. How

the crop plant modifies the soil biological parameters? 3. Which soil and plant parameters can

indicate the higher expected yield?
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Two “spatial” factors (chemical fertilizer applications and farmyard manure addition) and

two temporal factors (seasonal–three growth stages of plants, interannual - 2017 and 2018)

were used in the factorial designed experiment to select the strongest aspects affecting physico-

chemical parameters, and the microbiological changes in soil.

Material and methods

Experimental design

The long-term fertilization experiment was set up in 1959 at Martonvásár, Hungary (N 47˚

18’41”, E 18˚46’50”), in the experimental station of the Centre for Agricultural Research. No

permission was necessary from other authorities for sampling and monitoring. According to

the FAO-WRB classification system [30], the soil is a Haplic Chernozem, with 51.4% sand,

34.0% silt and 14.6% clay; bulk density 1.47 g cm-3, pH(H2O) 7.3, 0–1% CaCO3 content, and

3.2% soil organic matter content. Based on the recommendations of the Hungarian plant

nutrition advisory system [31], the plant-available macronutrient supply in the soil was poor

for P, and medium to good for K. The climate of the area is continental with a 30-year average

temperature of 11.0˚C (–1˚C in January and 21.2˚C in July) and an annual rainfall of 548 mm,

based on data from the on-site weather station. The treatments were arranged in a random

block design with 6 × 8 m plots. Eight different treatments were tested: Control, only N, only

P, NPK mineral fertilizers–with farmyard manure; Control, only N, only P, NPK–without

farmyard manure. These treatments were applied from 1959. Fertilizer doses of 160 kg ha-1 N,

80 kg ha-1 P, 80 kg ha-1 K were added to the soil from 1976 onwards. Previously, slightly differ-

ent doses were applied from 1959 to 1975. All treatments were set up in three replicates. The

crops in the four-year fertilizer cycles were maize in the 1st and 2nd year, winter wheat in the

3rd and 4th year. Half the N doses (NH4NO3) and all P (P2O5) and K (K2O) fertilizers were dis-

tributed before soil cultivation in October or November. The remaining N were added before

sowing or as topdressing in early spring. Farmyard manure was applied once every four years

at a rate of 40 t ha-1 in autumn, for the last time in 2015, before the sampling. The experiment

timelines for 2017 (mid-season grain hybrid maize–Zea mays L. cv. Mv Tarján, FAO 380) and

2018 (winter wheat, early maturity group–Triticum aestivum L. cv. Mv Nemere, 2014 CPVO

42131) are illustrated in Fig 1.

Sampling and monitoring

We performed three sampling per year in 2017 and 2018, at leaf development and stem elonga-

tion stage (BBCH: 14–16 for maize, 31–33 for wheat; [32]), at flowering (BBCH: 61–65 for

maize, 61–62 for wheat), and at full maturity (BBCH: 89) (Fig 1). We collected pooled samples

of three aboveground plant biomass from each plot. Approximately 1 kg of soil samples were

taken from the rhizosphere (0–20 cm depth) and air-dried for chemical analysis or stored at

4˚C until used in MicroRespTM measurements. Root samples were collected, and approxi-

mately 1 g fresh weight was stored in 70% ethanol. Plant growth was monitored by stem diam-

eter measurement for maize and complete shoot dry mass for wheat at sampling times. We

determined the grain yield at harvest. Chlorophyll content (SPAD value) was measured on the

youngest fully developed leaf with a SPAD-502 meter (Konica Minolta Inc., Osaka, Japan) at

the early growth stage (4–5 leaf stage) and at flowering.

Soil chemical analysis

Soil chemical parameters were measured from rhizosphere soil samples, that were air-dried

and sieved (mesh size <2 mm) before analysis. Measurements were carried out according to
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the methodology of the Hungarian standards: soil organic carbon as soil humus [33], soil pH

[34], plant available P and K concentrations with ammonium-acetate lactate extraction

[35,36], total N content of the soil [37], and soil NH4-N and NO3-N concentrations from KCl

extracts [35]. We determined soil Ca concentrations in AL-extract using an inductively cou-

pled plasma atomic emission spectroscopy (ICP-AES, Jobin-Yvon Ultima 2 sequential

instrument).

Assessment of community level physiological profiles

The MicroRespTM method was applied to assess community level physiological profiles

(CLPPs) [38], using the protocol provided by the manufacturer (The James Hutton Institute,

Craigiebuckler, Aberdeen, UK). We sieved the rhizosphere soil (mesh size <2 mm) and wetted

with sterile distilled water it to 50% of water-holding capacity. From each sample, about 40 g

soil were filled into deep well plates, covered with Parafilm M, and incubated in a desiccator

for 5 days in dark and at room temperature. 23 different carbon sources were used for the mea-

surements (see Table 1), in 4 repetitions on each plate, and distilled water as control; the pH of

the substrates was adjusted to 7.0. The plates were sealed with detector plates containing

Fig 1. Time schedule of the experiment. Fertilization, sowing and sampling in 2017–18, temperature and rainfall data

for the growing season.

https://doi.org/10.1371/journal.pone.0292125.g001
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cresol-red indicator and incubated at 25˚C. Substrate utilization patterns were measured at

570 nm with a microplate reader (Anthos 2010, Biochrom, Cambridge, UK) twice: just before

closing the plate and 5 h later. The change in absorbance was converted into % CO2 values

using the equation given by the manufacturer. The detector plates were calibrated prior to the

experiment at different CO2 concentrations using a gas chromatograph (Fisons GC 8000,

Rodano, Italy). The functional evenness index was also calculated for the 23 substrates accord-

ing to Magurran [39].

Arbuscular mycorrhizal colonization of roots

The arbuscular mycorrhizal fungal colonization of the roots was determined after clearing and

staining the root samples [40]. After microscopic observation (BX51 Olympus, Tokyo, Japan),

the fungal colonization intensity (M%) and the arbuscule richness of the roots (A%) were cal-

culated according to the five-class method described by Trouvelot et al. [41].

Statistical analysis

The statistical analysis was performed using R-statistic software [42]. Factorial ANOVA was

carried out for all the measured parameters, 4-way ANOVA for soil parameters and substrate-

Table 1. Applied substrates at MicrorespTM method. The name, abbreviation and concentration of 23 different

substrates.

Substrate abbr. cc. (g l-1)

Sugars
D-glucose GLC 32.0

D-fructose FRU 32.0

D-(+)-galactose GAL 32.0

D-mannose MAN 32.0

L-(+)-arabinose ARA 32.0

D-xylose XYL 32.0

Trehalose TRE 33.7

L-rhamnose RHA 35.1

Polyols
Myo-Inositol INO 32.0

D-mannitol MAT 31.6

D-sorbitol SOR 31.6

Carboxylic acids
Citric acid-monohydrate CIT 13.7

DL-malic acid MAL 14.3

Na-succinate SUC 11.9

Gluconic-acid-potassium GLA 12.3

3,4 dihydroxybenzoic acid DHB 6.5

Amino acids
L-asparagine-monohydrate ASN 6.4

L-glutamine GLN 8.2

L-serine SER 13.7

L-glutamic acid GLU 4.9

L-lysine hydrochloride LYS 15.8

L-arginine ARG 5.0

L-alanine ALA 16.2

https://doi.org/10.1371/journal.pone.0292125.t001
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induced respiration (SIR) values, and 2-way analysis for plant data and root microsymbiont

parameters. The following factors were used: year (F1) and season (F2) of sampling, organic

manure (F3) and mineral fertilization (F4) treatments. The reduction of factors to F3 and F4 is

reasonable for plant and plant-associated parameters, as there are annual differences for the

plant species and plant growth stages. The statistical analysis was performed separately for

each sampling time for F3 and F4. If the prerequisites of variance analysis were violated, an

aligned rank transformation (ART) was made [43]. Significant differences between mean val-

ues were determined using the Tukey or Nemenyi post-hoc test.

Pearson’s product-moment correlation was calculated between the data series. PCA (princi-

pal component analysis) was used to analyse the data matrix of the soil samples and SIR values.

SIR values were square root transformed before statistical analysis, and PCA analysis for the 23

substrates and correlation analysis with citrate were performed on a normalized data set (val-

ues divided by the average of all substrates [38]).

Results

Temporal factors in the experiment (F1 and F2)

In the case of the year effect (F1), we found several significant differences between the soil

macronutrient concentrations (Fig 2). Differences in the concentration of N forms (NO3
- or

NH4
+) probably caused by the different sampling times. Although maize and wheat were sam-

pled at the same growth stage, the time interval between fertilization and sampling differed for

the two crops (Fig 1). The microbial activity, characterized by SIR, was more pronounced for

the sugars and some amino acids in wheat samples, and lower only in the case of lysine.

We observed clear seasonal dynamics (F2) for the levels of N and P forms in the soil and for

the SIR values. The most intensive respiration was detected at the flowering stage (F), which

had values much higher than those of the young plants (E) (Fig 2).

Long term fertilization treatments as factors (F3 and F4)

Farmyard manure (FM) treatments (F3) resulted in the lowest number of significant differ-

ences: only the soil organic matter and macronutrients values were increased (total-N,

NO3
—N, AL-K2O, AL-P2O5; Fig 2). These changes did not affect the soil respiration pattern,

except for the rhamnose-induced respiration, which was significantly higher in FM-treated

plots (Fig 2). Manure treatment resulted only a few significant differences in plant growth,

physiology, and symbiotic relationships. In the case of wheat, colonization parameters, arbus-

cularity in the early plant phenophase [A% (E)] and mycorrhization intensity at harvest [M%

(H)] were significantly higher in the control than in manure-treated plots (Fig 3).

The application of chemical fertilizers (F4) had a strongly affected soil chemical properties

and root-associated microbial activities. Chemical fertilizers resulted in acidification of the

originally slightly alkaline soil. All chemical soil parameters changed in the treated plots, except

for the soil organic matter content. The SIR rates of rhizosphere microorganisms typically

decreased in the N- and NPK-treated plots, whereas their citrate-induced respiration was

higher. In the case of wheat in 2018, N fertilizers improved plant growth and crop yield more

effectively. The complex fertilizer, NPK, caused a slight decrease in the AMF colonization of

plant roots (Figs 2 and 3).

Soil chemical parameters and substrate-induced respiration

Fig 4 illustrates the results of PCA analysis on soil chemical parameters and the SIR values of

grouped or selected substrates. Preliminary analysis revealed the greatest differences between
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the samples for SIR values, like the utilization of citrate or the ratio of amino acids and sugars,

so these were used in the complex analysis. Principal components 1 (PC1) and 2 (PC2)

explained about 60% of the total data variance. PC1 was determined by some soil macronutri-

ent (N-forms, P, Ca) concentrations, soil pH, the functional evenness factor and citrate-utiliza-

tion and the sample points, as the objects of PCA analysis separated in the two-dimensional

space according to N fertilization treatments. In contrast, PC2 was determined mainly by the

SIR values, and was slightly modified by available nitrogen forms like NH4
+ or NO3

-. The sam-

ples were separated according to sampling time: early sampling resulted in lower SIR values,

higher ammonium-N in the soil, and a high relative value of amino acid utilization. No separa-

tion could be seen between phosphate fertilization and the control treatments, nor between

soil samples given farmyard manure and the control plots.

The highest absolute SIR values were measured at the flowering stage (Fig 2), so PCA analy-

sis with relative SIR values was carried out for this most active period of soil microbiota on the

Fig 2. Results of 4-way ANOVA on soil chemical parameters and substrate-induced respiration (SIR) values. The

table presents significance levels and the bars reveal the relationships between mean values. Factor 1 (F1): Comparison

of the 2 years. Factor 2 (F2): Comparison of sampling times in the growing season. Factor 3 (F3): Comparison of

treatments with and without farmyard manure. Factor 4 (F4): Comparison of mineral fertilizers treatments.

Abbreviatons of SIR substrates are the same as in Table 1. The figures with the measured data and detailed ANOVA-

tables are in supplement. n.s.: non-significant, *: p<0.05, **: p<0.01, ***: p<0.001. M: Maize, W: Wheat, E: Early

sampling, F: Flowering, H: Harvest, FM: Farmyard manure.

https://doi.org/10.1371/journal.pone.0292125.g002

PLOS ONE Soil biological activity after a sixty-year fertilization practice

PLOS ONE | https://doi.org/10.1371/journal.pone.0292125 September 28, 2023 7 / 18

https://doi.org/10.1371/journal.pone.0292125.g002
https://doi.org/10.1371/journal.pone.0292125


23 different substrates (Fig 5). The citrate utilization rate was a particularly strong factor in the

analysis. Principal component 1 contained mainly this vector and explained more than 60% of

data variance for both crops. Sample points dispersed along PC1 according to N fertilization

treatments: N and NPK treated plots moved together with the citrate-vector, while P and con-

trol treated plots moved in the opposite way. PC2 explained only 13% of the total variance, and

the orientation of samples and vectors along this ordinate was not the same for the two crops

in 2017 and 2018. Though not a clear separation, a certain orientation tendency was visible

along PC2 between the control samples and P treatments in the first year for maize. The soil

respiration induced by succinate, glutamine and glutamic acid was higher in the control treat-

ment, whereas P-added soils responded more to sugar substrates. In the case of wheat, PC2

separated the N treatment from the complex NPK treatment. The main vector at NPK side

was amino acid substrates, while the other direction was determined by sugar substrates.

Citrate-induced respiration and soil chemistry

Citrate-induced respiration was a particularly strong factor, acting as the main determinant of

the variance between the samples (Fig 2), specifically between treatments with or without chem-

ical N fertilizers. The Pearson’s product-moment correlation analysis revealed close negative

relationship between citrate-induced soil respiration and several chemical soil parameters (Fig

6). The analysis was made using samples collected at the flowering stage: the most active period

of soil microbiota. Significant correlations were found between the SIR values of citrate and all

the N forms in the soil for both crops (Fig 6A–6F). The strongest correlation was revealed

between citrate SIR and soil NH4-N, and the weakest with total N for the maize crop in 2017.

Fig 3. Results of 2-way ANOVA on plant growth, yield and AMF root colonization rate. The table presents significance levels and the bars reveal the

relationships between mean values. Factor 3 (F3): Comparison of treatments with and without farmyard manure. Factor 4 (F4): Comparison of mineral

fertilizers treatments. The figures with the measured data and detailed ANOVA-tables are in supplement. n.s.: non-significant, *: p<0.05, **: p<0.01, ***:
p<0.001. SD: Shoot diameter, SDM: Shoot dry mass. E: Early sampling, F: Flowering, H: Harvest, FM: Farmyard manure.

https://doi.org/10.1371/journal.pone.0292125.g003
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The Pearson’s product-moment correlation analysis showed an extremely strong relationship

(Fig 6G and 6H) between citrate utilization and soil pH, especially for maize (R2 = 0.943).

Plant growth, plant physiology, AMF colonization parameters and yield

stability

We found a fertilization effect on grain yield for winter wheat in 2018: chemical fertilizers con-

taining nitrogen (N, NPK) significantly increased the crop yield (Fig 3). The N, NPK, and the

organic manure treatments increased the plant growth parameters and SPAD values of both

crops at the flowering stage, but no effect was manifested on the yield of maize.

A relationship was detected between the soil N and N forms and the wheat grain yield (Fig

7E and 7G), but this was not as clear as the correlation between the chlorophyll content of the

flowering plant and the grain yield of the harvested crop. Chlorophyll content proved to be a

more effective predictor of grain yield than any other plant growth parameters (Fig 7B and 7D).

Fig 4. Scaled PCA biplot of chemical soil parameters (brown text boxes) and SIR values (blue text boxes). Each sample was marked separately as points according

to the treatments (colour of flags - with farmyard manure (FM): Dark colours, without farmyard manure: Light colours) and sampling events (shape of flags for the

year, borderline and filling of flags for sampled season), while the vectors were the measured parameters.The SIR values were grouped as carboxylic acids (CA), sugar

alcohols (SA), and as the ratio of amino acids to sugars (AA:Sugar). SIR from citrate-utilization (Citrate) was not grouped to the others, and a calculated factor,

functional evenness (E) was also presented.

https://doi.org/10.1371/journal.pone.0292125.g004
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We observed some differences in the AMF root colonization between the two years, as is

normal in the case of different crops. We found that the AMF dependence was higher for

maize (mean M value: 34%) than for wheat (M: 24%). Seasonal dynamics can also be seen for

annual plants: the maximum values typically being measured in the roots of flowering plants.

A treatment effect was found for complex fertilizers (farmyard manure and NPK). The nega-

tive effect of NPK fertilizer was visible (Fig 7H) and significant (Fig 2), while the effect of farm-

yard manure was detected at harvest in 2018 (Fig 3).

Fig 5. Unscaled PCA biplots for the relative SIR values of 23 different substrates at flowering for maize (A) and wheat

(B). Substrates are presented on the biplots as vectors, if the PC1 or PC2 coordinate value was higher than 0.1, or less

than -0.1.

https://doi.org/10.1371/journal.pone.0292125.g005
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Discussion

Agricultural soils are exposed to recurrent disturbances during intensive management, includ-

ing tillage, crop cultivation and harvest, plant protection, and fertilization. These processes

may impact the functional diversity and abundance of microbial communities [44–47].

The most evident modifications in soil characteristics related to fertilization are changes in

the soil nutrients levels. In addition, unbalanced or excess fertilization may alter the soil pH

and electrical conductivity. This work presents that tendentious differences in soil properties

after farmyard manure and P fertilizer treatments, while we detected more pronounced shifts

after N fertilization treatment (Fig 2). Besides a higher amount of total N, ammonium-N, and

nitrate-N in the soil, other well-documented soil processes, such as acidification and a decrease

in cation exchange capacity, may appear as the result of mineral N addition. Especially when

the N fertilizer efficiency is low, a considerable increase in acidity may be generated by nitrifi-

cation [48–51]. The PCA analysis demonstrated the main effect of soil pH (Fig 4), which was

correlated with soil N forms or exchangeable cations (Ca2+) and determined the direction of

the citrate utilization vector and the evenness factor calculated from the SIR values. The citrate

Fig 6. Pearson’s product-moment correlation analysis between citrate-induced respiration and N forms in the soil (A-F)

and between citrate-induced respiration and soil pH (G-H) in the flowering stage of maize (A, C, E, G) and wheat (B, D,

F, H). The key of the symbols is the same as at Fig 4. (Control–red, N–blue, P–yellow, NPK–green, light colours: Without

FM manure, dark colours: With FM manure). n.s.: non-significant, *: p<0.05, **: p<0.01, ***: p<0.001.

https://doi.org/10.1371/journal.pone.0292125.g006
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utilization capacity of rhizosphere microorganisms showed a close correlation with soil pH,

the same as it was already stated in other experiment results on citric acid [52–54], and on

other acidic substrates, such as malic acid or ascorbic acid [55]. The changes in these soil

parameters were closely correlated with each other, whereas no factors acting on biological

parameters and no cause-and-effect relationships were revealed by PCA analysis (Fig 4). Cor-

relation analysis was therefore performed for soil parameters in question and for the citrate

utilization rate. We found the most significant correlation between citrate utilization and soil

pH (Fig 6). An increase in N (NH4
+) fertilization generally induces pH reduction, which may

have contributed to a change in bacterial communities [28]. For example a higher relative

abundance of acidotolerant taxa [56] with a possibly modified citrate utilization pattern.

Increased N fertilization may also result in a P-limited rhizosphere, so citrate addition may

have contributed to accelerated soil metabolism via phosphate mobilization, by enhancing the

dissolution and desorption of phosphate (and possibly other ions) [57–59]. Changes in chemi-

cal soil parameters may alter soil microbial communities and functional diversity as well, how-

ever functional diversity may shift without any changes in the taxonomic composition [60,61].

Fig 7. Pearson’s product-moment correlation analysis between crop yield and N forms in the soil (E-G) and between

crop yield and early plant growth parameters (C, D), SPAD (A, B) values or AMF colonization, M% (H), for maize (A, C)

and wheat (B, D, E, F, G, H). The key of the symbols is the same as at Fig 4. (Control–red, N–blue, P–yellow, NPK–green,

light colours: Without FM manure, dark colours: With FM manure). n.s.: non-significant, *: p<0.05, **: p<0.01, ***:
p<0.001.

https://doi.org/10.1371/journal.pone.0292125.g007
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Functional evenness (E) is usually reduced by land use, soil tillage, and especially by mineral

fertilization [52,55]. In the present experiment, the pronounced effect of soil pH on the citrate

utilization rate decreased the functional evenness index, since citrate produced an outlier in

the substrate utilization data set and generated unevenness between the substrates. Besides the

change in citrate utilization, other carboxylic acids, e.g,. malic acid or succinate, also modified

the E factor in N-fertilized treatments. Wahbi et al. [62] also found that carboxylic acid sub-

strate utilization rates were the most sensitive to treatments in agricultural soils and suggested

that this was due to the effect of root exudates and AMF colonization changes. However, this

was not confirmed by the present results, as the different crops with diverse AMF dependence

in different years produced similar SIR patterns for citrate utilization, and AMF colonization

exhibited no correlation with the SIR values of carboxylic acids. We only detected AMF coloni-

zation changes in the case of balanced plant nutrition treatments. The most pronounced

decrease was measured in the roots of flowering maize plants treated with NPK fertilizers and

farmyard manure, where the root colonization (M%) was only 10% in the treated plants, while

unbalanced or no fertilization resulted in 30–40% colonization rates. As previously described

in several studies [24,63–65], this implies a plastic plant-mediated effect on AMF colonization,

depending on plant requirements.

By causing shifts in the substrate utilization pattern [52,55] or increasing the species diver-

sity, characterized by DGGE profiles [8], organic fertilizers can have an impact on the taxo-

nomic and functional diversity of soil microbiota. In the present work, the first sampling was

done eighteen months after the last manure addition, so only the long-term effects of farmyard

manure could be analysed. In contrast to chemical soil parameters, and the impact of chemical

fertilization (Figs 2 and 4), the cumulative effect of repeated manuring on soil microbiota and

biological parameters seems to be marginal, although it cannot be ruled out, that the organic

manure has short-term effects as well.

Among the examined substrates only citrate utilization showed a clear treatment effect,

however, other tendencies were also observed. Both SIR and the utilization rates of amino

acids and sugars changed seasonally. Neutral sugar utilization is usually correlates with micro-

bial biomass [66], and a higher rate of sugar utilization implies a higher abundance of r-strate-

gist microbes [67]. The higher total SIR during flowering and at harvest, therefore, suggested

higher microbial biomass, which may have been the consequence of a higher amount of root

exudates or plant residues in the soil during this period. Despite the higher total SIR values at

these sampling times, the utilization rate of amino acids was relatively low compared to that of

sugars (Fig 4). Apart from the effect of citrate, differences in the utilization rates of amino

acids and sugars (PC2) explained most of the variation in the PCA analysis of the 23 substrates

at flowering for wheat (Fig 5). The higher rate of amino acid utilization, especially asparagine,

was more characteristic of NPK than N-treated plots.

N fertilization is fundamental for crop yield, therefore, significantly higher crop production

is normally expected on N- or NPK-treated plots [1]. However, the extra yield was only detected

in the second year, because yield stability was influenced by several other factors, e.g., meteoro-

logical conditions and the effects of previous crops. Treatment effects were reduced by water

deficit during plant growth and by atmospheric drought in 2017. The treatment effect on wheat

is expected to be higher when maize is the previous crop, as maize requires a larger soil N pool,

and the mineralization period after maize is shorter due to the later harvesting time [1].

Nitrogen supply and plant chlorophyll contents are closely related parameters [68,69]. The

SPAD value measured on plant leaves in the early growth stage can be a useful parameter for

yield prediction [70]. Indeed, the SPAD values in the flowering stage showed a closer correlation

with wheat yield than soil or plant growth parameters (Fig 7). This correlation was not signifi-

cant for maize in 2017, as no effect of N fertilization on yield could be detected that year.
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Conclusion

We detected some characteristic changes in biological parameters in the long-term fertilization

experiment. Although no sensitive, detailed fingerprint of CLPP was demonstrated using

MicroRespTM in this case, selected parameters from CLPP (e.g., citrate utilization, total SIR

value or the ratio of utilization of amino acids and sugars) responded to fertilizer treatments or

seasonal changes. Suggesting a plant-mediated effect of mycorrhiza, AMF colonization seemed

to be dependent on plant nutrition status and requirements, however the soil acidification

induced by mineral N fertilization proved to be the main factor responsible for changes in the

catabolic activity patterns of soil microbiota.

Our study suggests that soil acidification is not only a main cause of agricultural soil degra-

dation, but also the greatest adversary of soil microbial resilience. This fact further emphasizes

the importance of avoiding excess ammonia in the soil during mineral fertilization.
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Formal analysis: Anna Füzy, Imre Cseresnyés.
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Kungliga Lantbrukshügskolans Annaler. 1960; 26: 199–215.

37. ISO-11261 Soil quality-Determination of total nitrogen—Modified Kjeldahl method. Geneva, Switzer-

land, 1995; ISO 4.

38. 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 physiologi-

cal profiles of soil microbial communities by using whole soil. Appl Environ Microb. 2003; 69(6): 3593–

3599. https://doi.org/10.1128/AEM.69.6.3593-3599.2003.

39. Magurran AE. Ecological Diversity and its Measurement. Princeton university press. 1988; ISBN: 978-

94-015-7358-0.

40. Phillips JM, Hayman DS. Improved procedures for clearing roots and staining parasitic and VAM fungi

for rapid assessment of infection. T Brit Mycol Soc. 1970; 55: 158–161. https://doi.org/10.1016/s0007-

1536(70)80110-3.

41. Trouvelot A, Kough JL, Gianinazzi-Pearson V. Mesure du taux de mycorhization VA d’un systeme radi-

culaire. Recherche de methodes d’estimation ayant une significantion fonctionnelle. in: Gianinazzi-

PLOS ONE Soil biological activity after a sixty-year fertilization practice

PLOS ONE | https://doi.org/10.1371/journal.pone.0292125 September 28, 2023 16 / 18

https://doi.org/10.1016/j.soilbio.2018.04.014
https://doi.org/10.1065/jss2007.10.259
https://doi.org/10.1111/nph.15440
http://www.ncbi.nlm.nih.gov/pubmed/30191568
https://doi.org/10.1007/s005720050224
https://doi.org/10.1556/CRC.35.2007.2.59
https://doi.org/10.1556/CRC.35.2007.2.59
https://doi.org/10.1016/j.soilbio.2021.108243
https://doi.org/10.1111/j.1461-0248.2007.01139.x
https://doi.org/10.1111/j.1461-0248.2007.01139.x
https://doi.org/10.1111/nph.12169
http://www.ncbi.nlm.nih.gov/pubmed/23421495
https://doi.org/10.1007/s00374-020-01468-7
https://doi.org/10.1371/journal.pone.0203812
http://www.ncbi.nlm.nih.gov/pubmed/30212559
https://doi.org/10.1128/AEM.69.6.3593-3599.2003
https://doi.org/10.1016/s0007-1536(70)80110-3
https://doi.org/10.1016/s0007-1536(70)80110-3
https://doi.org/10.1371/journal.pone.0292125


Pearson V, Gianinazzi S (Eds) Physiological and genetic aspects of mycorrhizae. 1986; pp. 217–221.

INRA Paris.

42. R Core Team. R: A language and environment for statistical computing. R Foundation for Statistical

Computing, Vienna Austria. 2019; URL https://www.R-project.org/.

43. Wobbrock JO, Findlater L, Gergle D, Higgins JJ. The aligned rank transform for nonparametric factorial

analyses using only anova procedures. In Proceedings of the SIGCHI conference on human factors in

computing systems. 2011; 143–146. https://doi.org/10.1145/1978942.1978963.

44. Bolo P, Kihara J, Mucheru-Muna M, Njeru EM, Kinyua M, Sommer R. Application of residue, inorganic

fertilizer and lime affect phosphorus solubilizing microorganisms and microbial biomass under different

tillage and cropping systems in a Ferralsol. Geoderma. 2021; 390: 114962. https://doi.org/10.1016/j.

geoderma.2021.114962.

45. Chakraborty A, Chakrabarti K, Chakraborty A, Ghosh S. Effect of long-term fertilizers and manure appli-

cation on microbial biomass and microbial activity of a tropical agricultural soil. Biol Fertil Soils. 2011;

47(2): 227–233. https://doi.org/10.1007/s00374-010-0509-1.
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70. Monostori I, Árendás T, Hoffman B, Galiba G, Gierczik K, Szira F et al. Relationship between SPAD

value and grain yield can be affected by cultivar, environment and soil nitrogen content in wheat. Euphy-

tica. 2016; 211(1): 103–112. https://doi.org/10.1007/s10681-016-1741-z.

PLOS ONE Soil biological activity after a sixty-year fertilization practice

PLOS ONE | https://doi.org/10.1371/journal.pone.0292125 September 28, 2023 18 / 18

https://doi.org/10.1111/j.1365-2389.2010.01314.x
https://doi.org/10.3389/fpls.2016.01364
http://www.ncbi.nlm.nih.gov/pubmed/27695462
https://doi.org/10.1007/s11104-004-1829-4
https://doi.org/10.1016/j.jplph.2007.08.010
http://www.ncbi.nlm.nih.gov/pubmed/18155803
https://doi.org/10.1046/j.1469-8137.2002.00470.x
https://doi.org/10.1046/j.1469-8137.2002.00470.x
http://www.ncbi.nlm.nih.gov/pubmed/33873310
https://doi.org/10.1016/S0038-0717(99)00122-4
https://doi.org/10.1016/S0038-0717(99)00122-4
https://doi.org/10.1016/S0038-0717(99)00141-8
https://doi.org/10.2134/agronj2006.0309
https://doi.org/10.2134/agronj2006.0309
https://doi.org/10.1016/j.eja.2006.10.001
https://doi.org/10.1007/s10681-016-1741-z
https://doi.org/10.1371/journal.pone.0292125

