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Three different enzymes alkaline phosphatase, Urease and Dehydrogenase were 
measured during this study to monitor the organic matter dynamics during semi-
industrial composting of mixture A with 1/3 sludge+2/3 palm waste and mixture B 
with ½ sludge+1/2 palm waste. The phosphatase activity was higher for Mix-A (398.7 
µg PNP g−1 h−1) than Mix-B (265.3 µg PNP g−1 h−1), while Mix-B (103.3 µg TPF g−1d−1) 
exhibited greater dehydrogenase content than Mix-A (72.3 µg TPF g−1 d−1). That could 
contribute to the dynamic change of microbial activity together with high amounts of 
carbonaceous substrates incorporated with the lignocellulosic. The gradual increase in 
the dehydrogenase from the compost Mix-A implies that high lignocellulosic substrate 
requires gradual buildup of dehydrogenase activity to turn the waste into mature 
compost. A higher pick of urease with a maximum activity of 151.5 and 122.4 µg NH4-N 
g−1 h−1 were reported, respectively for Mix-A and B. Temperature and pH could also 
influence the expression of enzyme activity during composting. The machine learning 
well predicted the compost quality based on NH3/NO3, C/N ratio, decomposition rate 
and, humification index (HI). The root mean square error (RMSE) values were 1.98, 1.95, 
4.61%, and 4.1 for NH+

3/NO−
3, C/N ratio, decomposition rate, and HI, respectively. The 

coefficient of determination between observed and predicted values were 0.87, 0.93, 
0.89, and 0.94, for the r NH3/NO3, C/N ratio, decomposition rate, and HI. Urease activity 
significantly predicted the C/N ratio and HI only. The profile of enzymatic activity is tightly 
linked to the physico-chemical properties, proportion of lignocellulosic-composted 
substrates. Enzymatic activity assessment provides a simple and rapid measurement of 
the biological activity adding understunding of organic matter transformation during 
sludge-lignocellulosic composting.
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1 Introduction

Composting offers a promising avenue for valorizing organic waste, which is a rich source of 
nutrients for plant fertilization and contributes to carbon sequestration, accounting for 
environmental sustainability (Fernández-Delgado et al., 2020). Composting represents an efficient 
way to enrich soil in which organic wastes can be recycled to obtain organic fertilizers utilized in 
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agricultural fields (Finore et al., 2023). Their incorporation into the soil 
as organic matter or solid waste compost promotes microbiological 
activity and diversity that are prime constituents of the soil environment, 
which is accountable for driving the nutrient cycle and energy transfer 
(Nannipieri et al., 2018; Megha and Simpy, 2014). This is accomplished 
through the activity of enzymes (Kong et al., 2009; Chen et al., 2020). The 
soil microbial biomass is related to the soil organic matter content as well 
as its origin. Bastida et al. (2008) showed that enzymatic activities are 
very sensitive indicators of changes related to soil management practices, 
climatic variations, and contaminations, which is why they have been 
considered in the establishment of agronomic and non-agronomic 
indices of soil quality. The most important general indicators of soil 
microbial activity are microbial biomass C. Microbial communities in 
the soil are enhanced and stimulated by the addition of organic waste and 
readily available nutrients and C compounds (Vinhal-Freitas et al., 2010).

Although several studies have shown that compost can improve 
soil by promoting appropriate biological activity. Thus, microbial 
biomass, being the living part of compost organic matter, can be a 
good index for comparing compost maturity (El Fels et al., 2014a, 
2015). During composting, organic matter is transformed into a rich 
humic product by the action of microorganisms and their enzymes 
(Vargas-García et al., 2010).

However, achieving a high standard of compost is hindered by 
several factors such as the carbon-to-nitrogen ratio (C: N) (Zhang 
et al., 2020), improper temperature fluctuations can impact compost 
quality (Zhao et al., 2021), as well as the essential interactions between 
microbial communities, organic material, and the enzymatic processes 
governing their degradation during the thermophilic and maturation 
phases (Mandpe et al., 2019).

It has been shown that the moisture level of the material 
approximately 60% contributes to increased microbial activity. The 
bulking agent improves oxygenation inside the composting pile 
(Moreno et al., 2007). As a consequence, the influence of enzymatic 
activities on the composting progress has long been the subject of 
several studies (Bremner and Mulvaney, 1978; Hemati et al., 2021; 
Ulmer et al., 1984).

It is also well known that several biochemical reactions are 
catalyzed by enzymes during composting. For instance, the 
mineralization of organic N during composting, which involves the 
release of N from non-peptide C-N bonds in amino acids and urea, is 
mediated by amidohydrolases and dehydrogenases (Tabatabai, 1994).

Various categories of enzymes including ß-glucosidase, 
phosphatase, amylase, xylanase, urease, and protease are produced 
also by the different groups of microbes to degrade the organic 
molecules (Hemati et al., 2021). During the composting thermophilic 
phase, increasing enzymatic activities from the resident microbes 
accelerate to breaking down of organic compounds, ameliorating 
qualitatively and quantitatively the properties of compost (Xu et al., 
2019). Phosphatase and urease are well-known enzymes for 
transforming organics and improving nutrient cycling in soil nutrients 
(Kumar et al., 2020). Urease enzyme activity is vital to understand the 
process of nitrogen mineralization (Sudkolai and Nourbakhsh, 2017; 
Kumar et al., 2020). Enzyme activity is essential in both mineralization 
and transformation of organic carbon and plant nutrients. These 
above-mentioned enzymes are produced by the resident 
microorganisms during the composting process; thus, their activity is 
important to determine the degradation process and quality of 
the composting.

Green residues and wood are important proportions of wastes 
valorized for composting, and it is highly rich in lignocellulose 
(cellulose, hemicellulose, and lignin) compounds. Tiquia et al. (2002) 
showed a significant positive correlation with microbial population 
and 19 examined enzymes. The population of fungi and actinomycetes 
(microorganisms active in the degradation of cellulose, hemicellulose, 
and lignin) were positively correlated with esterase, valine amino-
peptidase, α-galactosidase, β-glucosidase, and lipase. Lignin can 
be mineralized by fungi strains (Hemati et al., 2021). However, during 
the thermophilic phase, most fungi are eliminated in profit of 
actinomycetes, which are only slow-decomposer of organic 
compounds and make the decomposition process longer (Hemati 
et  al., 2021). Therefore, the identification of microbes resistant to 
thermophilic conditions and capable of mineralizing lignin 
compounds or maintaining greater enzymatic activities during the 
maturation stage will improve the compost quantitative and 
qualitatively. Given the importance of enzymatic activity, the activity 
of some major classes of catalytic enzymes (extracellular or 
intracellular) is sometimes proposed as a compost quality sensor. The 
effect of physicochemical parameters on enzymatic activity has been 
developed (Wu et  al., 2017). However, the direct effect of 
lignocellulosic material is still not yet addressed. Enzymes, free or 
adsorbed, have a lifetime and activity that vary widely depending on 
the several physicochemical and biological properties occurring 
during composting. To understand the interaction of enzymes and 
their behavior taking place over the sludge lignocellulosic waste 
during semi-industrial composting, this study aimed to assess the 
variation trends and the activity of the main enzymes alkaline 
phosphatase, urease, and dehydrogenase with different proportions of 
lignocellulosic substrate for the best prediction of the compost quality.

2 Materials and methods

2.1 Materials

Sewage sludge and palm organic wastes are the two substrates 
used during composting. The sewage sludge comes from an activated 
sludge wastewater treatment plant in Marrakech urban council. The 
date palm, leaves, and stems were chopped in 5 cm. The tree material 
was collected from the urban waste of the palm forest of 
Marrakech city.

2.2 Composting preparation, sampling, and 
physicochemical analysis

The composting process was conducted on a composting 
platform. Two mixture (Mix) treatments were as follows: Mix-A 
was prepared with 1/2 sludge and 2/3 palm tree waste with a total 
volume of 4 m3. Mix-B was prepared at the sludge and tree palm 
waste ratio of half for each with a total volume of 4 m3. The Mix-A 
and Mix-B have the NH4

+/NO3
− composition of 13.75 ± 0.27 and 

15. 6 ± 0.11, respectively. The starting C/N ratio was 26.2 ± 0.42 for 
Mix-A and 27.4 ± 0.18 for Mix-B. The decomposition rate was 
almost similar for Mix-A and Mix-B, while the HI was higher 
(24.53 ± 0.19) than for Mix-B (15.38 ± 0.18). The moisture content 
during composting was adjusted to 60%. To enable mixture 
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ventilation, composting windrows were turned over manually with 
weekly frequency. The temperature of the windrow was daily 
recorded using sensors with data memory (PH0700115 model 
1.20, Ector-Trac, ability software, ECTOR France). The two 
treatments were composted for 13 weeks. The final moisture 
content was determined by drying the compost sample at 105°C 
for 48 h. The total organic carbon and ash content of dried samples 
were calculated after calcination at 600°C for 6 h. TKN was 
assayed by using the classical Kjeldahl procedure according to 
AFNOR T90-1110 standard, and Phosphorus by Olsen method. 
The high-temperature level reached during composting was 
approximately 65°C (thermophilic phase). This is the result of 
microbial activity resulting from the degradation of the 
simple molecules.

2.3 Microbial dynamic assessment

Microorganism enumeration was carried out on composting time 
extracts agar (CTEA) prepared as follows: One liter of distilled water 
and 35 g of composting time sample were mixed overnight to prepare 
composting time extract agar (CTEA). Agar (15 g) was added to the 
filtrate collected after it had been filtered and sterilized at 120°C for 
15 min. 0.1 mL of composting diluted samples from 10−2 to 10−6 were 
spread over the surface of the prepared CTEA. The plates were 
incubated at 28°C for mesophilic and 45°C for thermophilic 
microflora enumeration according to El Fels et al. (2014b, 2015).

2.4 Enzymatic activities

2.4.1 Dehydrogenase activity
The dehydrogenase activity was measured by the quantification of 

the triphenylformazan (TPF) obtained after the incubation of each 
composting stage with triphenyltetrazolium chloride (TTC) as 
substrate (Thalmann, 1968); 5 g of fresh composting substrate was well 
mixed with 5 mL of TTC solution (0.8% in (0.1 M) Tris–HCl buffer 
(pH 7.6)) and incubated at 30°C for 24 h. The TPF produced was 
extracted with acetone (90%) and the optical density was measured 
against the blank at 546 nm. The blank was obtained by mixing 5 g of 
fresh composting substrate with 5 mL of (0.1 M) Tris–HCl buffer (pH 
7.6) and incubated in the same condition as in the assay. The amount 
of TPF obtained was determined by using a standard curve with 
concentrations varying between 0 and 40 μg TPF mL1.

2.4.2 Alkaline phosphatase activity
The alkaline phosphatase activity was measured by the 

determination of p-nitrophenol (PNP) released after incubation of 
composting substrate with p-nitrophenyl phosphate (Eivazi and 
Tabatabai, 1977). A quantity of 1 g of composting substrate was mixed 
with 4 mL of modified universal buffer solution and 1 mL of 5.85% of 
p-nitrophenyl phosphate and incubated for 1 h at 37°C with shaking. 
The reaction was stopped by adding 1 mL of CaCl2 (0.5 M) and 4 mL 
of NaOH (0.5 M). The optical density of the supernatant was measured 
at 400 nm. The blank was performed by adding 1 mL of p-nitrophenyl 
after the addition of 1 mL of CaCl2 and 4 mL of NaOH. The amount of 
PNP was determined by using a standard curve with concentrations 
ranging between 0 and 20 μg PNP mL−1.

2.4.3 Urease activity
The urease activity was measured according to Tabatabai and 

Bremner’s (1972) methodology by the determination of the amount 
of ammonium produced after the incubation of composting substrate 
with urea; 5 g of fresh composting substrate was mixed with 2.5 mL of 
urea solution (0.08 M) and incubated for 2 h at 37°C with shaking. The 
reaction was stopped by adding 50 mL of KCL (1 M). After 30 min of 
incubation with shacking, the ammonium content was determined 
spectrophotometrically at 690 nm. A blank was made by adding 
2.5 mL of distilled water and adding urea solution at the end of the 
reaction and immediately before KCL addition. The amount of NH4-N 
was determined by using a standard curve with concentrations 
varying between 0 and 2.5 μg NH4-N mL−1.

2.5 Data modeling, the linear mixed 
regression model

The linear mixed-effect model accounts for sample size imbalances 
and the confounding effects of uncontrolled studies. The NH4

+/NO3
− 

and C/N ratios, decomposition rate, and humic index (HI) variables 
were modeled in two major components using the “lm” function in 
the R package (RStudio Team, 2024). The linear function with a fixed-
effect trend “f (i)” with the ith level of the explanatory variables 
(composting stage, compost mixtures, phosphatase, dehydrogenases, 
urease activity, bacteria, fungi, and actinobacteria compositions) were 
constructed to predict NH4

+/NO3
− and C/N ratios, decomposition 

rate, and HI as response variables from linear mixed models in R 
(RStudio Team, 2024). The “lm” was fitted to the trained datasets using 
a train control to predict the datasets. The predicted against the 
observed values were visualized in a Scatterplot graph.

2.6 Statistical analysis

The descriptive and general statistical analyses were conducted for 
the aggregated datasets using the JMP software (JMP, 2022). The effect 
sizes were examined for suitability for analysis using the Shapiro–Wilk 
and Levene’s tests. Multiway analysis of variance (MANOVA) was 
conducted to assess the effect of the imposed treatment on compost 
quality change using the JMP software (JMP, 2022). Fisher’s test was 
used to separate means that were different at p < 0.05 when the Fischer 
(F) value was significant from the ANOVA (p < 0.05). Significance 
levels are given by >0.05 (ns), * at p < 0.05, ** at p < 0.01, and *** at 
p < 0.001.

3 Results

3.1 Percentage of microbes decomposing 
recalcitrant lignocellulosic substrate

Analysis of variance probabilities effects for the evolution in 
microbial compositions, especially the bacteria, fungi, and 
actinobacteria in the compost mixture and composting times are 
reported in Table 1. The compost mixture had a significant effect at 
p < 0.05 on the bacteria and actinobacteria, respectively (Table 1). 
Similarly, the effects of composting times on the evolution of bacteria, 
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fungi, and actinobacteria percentages were significant at p < 0.05 
(Table 1). Thermophilic fungal microflora increased by 40% during 
the thermophilic stage. However, the functional actinobacteria group 
presented a peak during the maturation stage of 80–90%, especially 
for mixture A. Actinobacteria composition was always higher than 
bacteria and fungi composition for Mix-A during the different 
composting times that increased during the maturation than 
thermophilic stages, and the microbe composition effect was highly 
significant (Figure 1a).

We noticed a decrease in the bacteria and fungi percentages 
during the maturation stages in the Mix-A (Figure 1a) to reach 20 and 

10% for mesophilic and 30and 10% for thermophilic microflora, 
respectively. About Mix-B, there was a higher number of bacteria 
(70%) than actinobacteria (15%) and fungi (15%) at the thermophilic 
stage of composting, but the amount decreased in the maturation 
stage (Figure  1b). Contrary to thermophilic bacteria, there was a 
gradual build-up in the thermophilic actinobacteria population that 
reached higher concentrations during the maturation stages 
approximately 90 and 80%, corresponding to the 10 and 13 weeks of 
compositing for mix A and B, respectively (Figure 1b). Composition 
and the interaction between microbe composition and composting 
stage were significant at p < 0.05 (Figure 1b).

TABLE 1 ANOVA analysis of the effects of composting stage, mixture, and time—and their interactions—on phosphatase, dehydrogenase, urease 
activities, and the composition of bacteria, fungi, and actinobacteria during composting.

Phosphatase 
activity

(μg PNP g−1 h−1)

Dehydrogenase 
activity

(μg TPF g−1d−1)

Urease 
activity

(μg NH4-N  g−1 
h−1)

Bacteria 
composition 

(%)

Fungi 
composition 

(%)

Actinobacteria 
composition

(%)

Source F p-
value

F P-value F p-
value

F p-
value

F p-
value

F p-value

Composting 

stage (Cs) 0.03 0.86 0.02 0.90 0.20 0.66 0.09 0.76 0.2 0.7 0.0 1.0

Compost 

mixture (Cm) 8.38 0.009 (**) 11.88 0.003 (**) 0.31 0.58 4.04 0.06 1.7 0.2 8.3 0.009 (**)

Composting 

time (Ct) 2.33 0.14 2.58 0.12 0.05 0.83 6.17 0.02 (*) 12.8 0.002 (*) 26.1

<0.001 

(***)

Cs × Cm 0.06 0.80 0.04 0.85 0.08 0.78 2.71 0.12 0.0 0.9 2.0 0.2

Cs × Ct 0.57 0.46 0.31 0.58 0.29 0.60 0.01 0.98 0.6 0.4 0.4 0.5

Cm × Ct 0.58 0.46 26.10 <0.001 (***) 0.07 0.80 1.74 0.20 0.9 0.4 3.8 0.1

Cs × Cm × Ct 0.18 0.68 0.66 0.43 0.02 0.90 1.96 0.18 0.4 0.5 0.7 0.4

Bold numbers are significant at the t-test: p < 0.05.

FIGURE 1

Microbial dynamic during composting of Mix-A (a) and Mix-B (b).
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3.2 Enzyme concentrations and microbial 
activities in the compost mixtures

Table 1 presents the analysis of the variance of probabilities of 
phosphatase, dehydrogenase, and urease concentrations measured in 
the compost Mix-A and Mix-B. Phosphatase content was higher in 
Mix-A than in Mix-B, while the dehydrogenase concentration was 
greater in Mix-B than in Mix-A (Figures  2a,b). In contrast with 
phosphatase and dehydrogenase concentrations, urease concentrations 
were not significantly different from each other between the compost 
mixtures (Figure 2c).

Figure 3 displays the activities of phosphatase, dehydrogenase, 
and urease in the decomposition of Mix-A and Mix-B during the 
thermophilic and maturation stages of composting. A higher pick of 
phosphatase activity was noted for the Mix-A (398.7 μg PNP g−1 h−1) 
at 2 weeks of incubation during the thermophilic phase, and another 
high pick in the maturation stage at 10 weeks with 273.43 μg PNP 
g−1 h−1. The phosphatase activity was higher in Mix-A than the Mix-B, 
which showed only one pick with 265.35 μg PNP g−1 h−1 at 10 weeks 
(Figure 3a). Similarly, Mix-A displayed higher picks of urease enzymes 
at 3 and 10 weeks than Mix-B (Figure 3b). Two important picks, one 
at the thermophilic stage from at 3 weeks, with a maximum activity of 
151.59 and 122.42 μg NH4-N g−1 h−1, and the second pick at 10 weeks 
of composting with a maximum of approximately 135.26 and 
106.19 μg NH4-N g−1, were reported, respectively, for Mix-A and B 
(Figure 3b).

The dehydrogenase activity was significantly higher during the 
thermophilic stage (103.28 μg TPF g−1 d−1) and significantly decreased 
during the maturation stage for the Mix-B (Figure  3c). On the 
contrary, a lower dehydrogenase activity was observed at an early stage 
of composting the thermophilic stage for Mix-A then showed a 

continuous upward tendency until the 10th week (maturation stage) to 
reach a peak of approximately 72.29 (Figure 3c).

3.3 Physicochemical index to predict 
compost quality

Table 2 presents the results of the analysis of variance probabilities, 
or the effects of composting, stage, moistures, and timing of 
composting on the NH4

+/NO3
−, C/N ratios, the decomposition rate, 

and HI, which indicator of compost maturation and quality.
The composting time effects were highly significant on the NH4

+/
NO3

−, C/N ratios, the decomposition rate, and HI, disclosing lower 
values of NH4

+/NO3
−, and C/N in the 10 and 13 weeks of composting 

stages compared to 0, 2, and 4 weeks for the Mix-A and Mix-B 
(Table 3).

In contrast to NH4
+/NO3

−, and C/N ratios, the decomposition rate 
and HI, values were greater in the latter stages (weeks 10 and 13) of 
composting than in weeks 0, 2, and 4 for the Mix-A and Mix-B 
(Table 3). The ANOVA effect testing the composition mixture on the 
HI was significant, and the average HI for Mix-A was higher than 
for Mix-B.

The relationship between the predicted and observed variables 
was visualized in the scatter plots (Figure  4). The coefficient of 
determination (R2) between the observed and predicted NH4

+/NO3
−, 

was 0.75 (Figure 4a), while the R2 between observed and predicted 
C/N ratio was 0.95 (Figure 4b). Regarding the decomposition rate and 
HI, the correlation coefficient between the observed and predicted 
decomposition rates was 0.75 (Figure  4c), while the relationship 
between the predicted and observed HI was very strong (0.90) 
(Figure 4d). The whisker plot (Figure 5) showed the different trends 

FIGURE 2

Enzymes amount phosphatase activity (a), urease activity (b), and dehydrogenase activity (c) for Mix-A and Mix-B.
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in microbial dynamics based on enzymatic activities during the 
composting of Mix-A and Mix-B. The results showed that the most 
important enzymatic activities during sludge and lignocellulosic 
substrate are recorded for phosphatase and urease enzymes. However, 
the dehydrogenase activity was slightly stimulated during 
lignocellulosic composting.

4 Discussion

4.1 Microbial dynamic during composting

Screening of bacteria, actinobacteria, and fungi is performed 
during the composting process. The mesophilic microflora was more 
abundant than the thermophilic (Table  1 and Figure  1). The 

modifications in the microflora profile during composting depend on 
the physicochemical and functional variations of the composting 
substrate. The microbial profile is identical to that shown by Moreno 
et al. (2021). The microorganism’s dynamic indicates the evolution of 
composting substrate and indicates their ability to degrade the organic 
waste. The pathway of microbial metabolism influences the 
physicochemical parameters during the composting process, which 
leads to changes in microbial community succession (Chroni et al., 
2009; Bhatia et al., 2013; Ge et al., 2020). The high concentration of 
actinobacteria recorded at the maturation stage is linked to the ability 
of these strains to grow, and metabolize recalcitrant compounds 
especially lignocellulosic. Actinobacteria play important ecological 
roles in the environment, such as degrading complex polymers 
(Mawang et al., 2021). Actinobacteria are known as potent producers 
of extracellular enzymes decomposing lignocellulose. Houfani et al. 

FIGURE 3

Enzymatic activity during composting of mixture A and B: Phosphatase (a), urease (b), and dehydrogenase (c) during composting (b).
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(2022) showed that degrading extracellular enzymes, the 
actinobacteria display the great ability to decompose cellulose 
and hemicellulose.

4.2 Alkaline phosphatase activity during 
composting

Phosphatase activity increased markedly at the outset of the 
composting process of mixture A, reaching maximum activity during 
the thermophilic stage of the process (Figure  3a), then 
decreased progressively.

Phosphatase activity in mixture A with a high rate of 
lignocellulosic bulking agent at the outset of the composting process 
was markedly higher than that in mixture B (p < 0.05) (Figures 2a, 
3a). Nevertheless, mixture B is characterized by a homogenous 
enzymatic activity between different stages during composting. 
Two-fold higher enzymatic activity was noticed between higher and 
lowest values for both mixtures A and B (Figure 2a). The enzymatic 
pattern of expression reflected microbial succession during the 
composting process and organic matter decomposition. During 
composting the high phosphatase enzymatic activity was positively 
correlated with the mesophilic bacteria, and both mesophilic and 
thermophilic fungi for mixtures A (Table 1). For mixture B, a high 
correlation was shown for both. Mixture A is characterized by the 
high rate of recalcitrant compounds due to the proportion of 
lignocellulosic substrate in the mixture, which could contribute to 

the dynamic change of microbial activity as well as enzyme activities 
during the composting process. Several kinds of microorganisms can 
produce and release large amounts of extracellular phosphatase, due 
to large, combined biomass, high metabolic activity, and short life 
cycles (Speir and Ross, 1978; Roy et al., 2004; Jindo et al., 2014). 
Many fungi are known for their high capacity to produce 
phosphatases in the form of intracellular and extracellular enzymes 
(Tarafdar and Marschner, 1995; Cairney, 2011; Sarr et  al., 2020). 
Strains of Bacteria have been studied for their ability to produce 
phosphatases (Rodríguez and Fraga, 1999; Albrecht et al., 2010; Wan 
et al., 2020).

The large amounts of carbonaceous substrates incorporated with 
the lignocellulosic substrate slow the degradation and provide a source 
of labile carbon to microorganisms. A similar temporal variation of 
phosphatase activity was observed by Benitez et al. (1999), Tiquia 
(2002), and Ros et al. (2006). Benitez et al. (1999) explained that this 
trend seemed to be supported by free PO4

−3 nutrients, which were, in 
part, transformed into microbial and worm tissues. Phosphatase 
activity may also depend on the nutrient requirements in the mixtures. 
The activity of phosphatases depends on the richness of the mixture 
in Pi, the abundance of which can inhibit the biosynthesis of 
phosphatases (Pan and Yu, 2011). The positive correlation between 
Olsen-extractable P and both acid and alkaline phosphatase activities 
was observed. Nevertheless, phosphatase activity disappeared at 
critical soluble P of 600–800 mg P/Kg soil (Speir and Ross, 1978).

Indeed, the physical–chemical conditions undergone during 
composting can influence the microbiological activity and therefore the 

TABLE 2 Analysis of variance (ANOVA) probabilities for the effects of the composting stage, mixtures times, and their interactions on NH4
+/NO3

− and 
C/N ratios, decomposition rate, and HI in the composting process.

Source NH4+/NO3-ratio C/N ratio Decomposition rate (%) HI (%)

F p-value F p-value F p-value F p-value

Composting stage (Cs) 0.000 1.00 0.00 1.00 0.00 1.00 0.00 1.00

Compost mixture (Cm) 0.001 0.97 1.19 0.29 0.38 0.55 17.74 <0.001 (***)

Composting time (Ct) 45.8 <0.001 (***) 203.9 <0.001 (***) 62.61 <0.001 (***) 246.9 <0.001 (***)

Cs × Cm 0.00 1.00 0.00 1.00 0.00 1.00 0.00 1.00

Cs × Ct 0.00 1.00 0.00 1.00 0.00 1.00 0.00 1.00

Cm × Ct 0.02 0.90 0.24 0.63 0.01 0.94 0.26 0.62

Cs × Cm × Ct 0.00 1.00 0.00 1.00 0.00 1.00 0.00 1.00

Bold numbers are significant at the t-test: P < 0.05.

TABLE 3 NH4
+/NO3

−, and C/N ratios, decomposition rate, and HI of the compost mixtures in the different composting stages.

Composting 
stage

NH4+/NO3-ratio CN ratio Decomposition rate HI ratio

Mix-A Mix-B Mix-A Mix-B Mix-A Mix-B Mix-A Mix-B

Week 0 13.4 ± 0.27 15.8 ± 0.11 25.6 ± 0.42 27.7 ± 0.18 1.1 ± 0.07 1.3 ± 0.18 24.3 ± 019 15.6 ± 0.18

Week 2 7.3 ± 0.21 6.6 ± 0.16 27.2 ± 0.03 27.7 ± 0.13 21.4 ± 0.07 20.6 ± 0.23 30.2 ± 0.15 23.2 ± 0.03

Week 3 4.7 ± 0.07 4.6 ± 0.19 20.8 ± 0.11 23.7 ± 0.11 27.6 ± 0.25 24.5 ± 0.06 36.2 ± 0.14 32.1 ± 0.03

Week 4 3.7 ± 0.18 2.7 ± 0.15 19.2 ± 0.14 20.5 ± 0.23 29.5 ± 0.21 27.8 ± 0.07 40.3 ± 0.13 35.4 ± 0.14

Week 8 1.2 ± 0.001 1.4 ± 0.10 12.4 ± 0.28 12.9 ± 0.07 33.3 ± 0.21 29.4 ± 0.29 47.4 ± 0.14 45.4 ± 0.14

Week 10 0.3 ± 0.002 0.2 ± 0.17 10.6 ± 0.07 11.5 ± 0.11 36.2 ± 0.03 34.6 ± 0.55 52.3 ± 0.21 50.8 ± 0.03

Week 13 0.1 ± 0.001 0.2 ± 0.02 10.3 ± 0.21 10.1 ± 0.003 41.1 ± 0.05 41.4 ± 0.31 63.7 ± 0.07 48.5 ± 0.27
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production of enzymes. Raising the temperature during the composting 
process to reach 65°C for both mixtures A and B could also influence 
the expression of enzyme activity. The maximum phosphatase activities 
have been measured for temperatures of 60–70°C (Antibus et al., 1986; 
Wannet et al., 2000) or 35°C (Huang et al., 2005). Phosphatase activity 
could be affected by composting parameters (Ye et al., 2015). When the 
pH is unfavorable to the enzyme, it modifies its structure and denatures 
it (Frankenberger and Johanson, 1982). Allison et al. (2007) and Joanisse 
et al. (2007) showed that phenolic compounds such as tannins and 
humic acids have inhibitory effects on the phosphatase activity. The 
adsorption of enzymes on the substrate could also have strong 

consequences not only on their mobility and activity but also on their 
stability (George et al., 2007).

4.3 Urease activity during composting

Urease activity increased in both mixtures, reaching maximum 
activity during the thermophilic phase of the composting process. As 
the composting progressed, the urease activity of each mixture 
gradually decreased. Then, a second peak of urease enzyme activity 
increases at the 10th week of the maturation stage (Figure 3b).

FIGURE 4

Scatterplots showing the relationship between observed and predicted (A) NH 3 /NO 3, (B) C/N ratio, (C) decomposition rate (DEC), and 
(D) humification index (HI) of the compost mixtures. The trained coefficient of determination (R 2) is indicated. Levels of significance are indicated by 
**for significance at p < 0.01 and highly significant at p < 0.001, respectively.

FIGURE 5

Box and whiskers plot of enzymes profile during composting of mixture A and B.
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Urease enzymatic activity was higher in mixture A than in mixture 
B (p < 0.05) (Figure 2b). However, mixture B is characterized by a 
homogenous enzymatic activity between different stages during 
composting (Figure  3b). The positive correlation between urease 
activity and microorganisms was higher between mesophilic bacteria, 
and thermophilic and mesophilic fungi, and thermophilic 
actinobacteria for mixture A (Table 1). For mixture B, the positive 
correlation was for both mesophilic and thermophilic bacteria and 
fungi (Figure  3b). That indicates the microbial transformation of 
organic matter during lignocellulosic sludge composting. The urease 
activity is due to extracellular enzymes (Xie et al., 2021). Guo et al. 
(2012) showed that the urease enzyme is principally of microbial 
origin. The rapid increase in urease activity indicates that nitrogen 
sources are promptly utilized by the growing microflora (Galli et al., 
1997; Liang et  al., 2014). The difference in urease activity pattern 
between the two mixtures could be  related to the proportion of 
substrates of each mixture especially the lignocellulosic one. Ros et al. 
(2006) suggested that either the greater porosity of the mixture with 
the bulking agent favored the activity of these enzymes or that the 
degradation of the bulking agent gave rise to the formation of N 
substrates susceptible to use by these enzymes.

Urease activity rapidly increased as the composting of the 
mixture proceeded, reaching its maximum value; then a sharp 
decrease was recorded after the 10th week. This evolution trend is 
probably due to the inhibition of the urease system by the ammonia 
produced (Galli et al., 1997). Nitrogen is necessary for the microbial 
fermentation of nutrients, especially for protein synthesis and 
energy, whereas the urease enzyme plays an important role in the 
nitrogen and carbon cycles (Kumari and Rao, 2017; Zhou et al., 
2021). The urease is considered a stress response that was developed 
by several bacteria to counteract a low environmental pH (Arioli 
et al., 2007, 2009). Guo et al. (2012) and Kumar et al. (2020) showed 
that the activity of urease and NH+

4-N removal showed a positive 
correlation. Under composting conditions, proteins are rapidly 
hydrolyzed; urease is the key enzyme catalyzing the decomposition 
of carbamide into NH3 and carbonic acid (Meng et al., 2020). Ros 
et  al. (2006) showed the activity of enzymes increased with 
composting probably due to the disappearance of ammonium, 
which can act as an inhibitor since it is the product of the hydrolytic 
reactions catalyzed by these enzymes from the medium and/or to 
the formation of the specific substrates of these enzymes as organic 
matter is degraded. The consistent decrease in the urease activity 
can be attributed to the depletion of readily metabolizable fractions 
of the organic matter, which presumably support microbial activity 
(Sudkolai and Nourbakhsh, 2017).

4.4 Dehydrogenase activity during 
composting

The variation trend of dehydrogenase activity in each mixture A 
and B was basically different over time. During the early stabilization 
stage of composting, dehydrogenase activity in mixture B, which had 
a low rate of lignocellulosic substrate, was markedly two-fold higher 
than that in mixture A (p < 0.05). In mixture B, dehydrogenase activity 
increased rapidly during the 3rd week (thermophilic stage) but then 
declined substantially thereafter (Figure 3c). Dehydrogenase activity 

during composting of mixture A showed a continuous upward 
tendency until the 10th week (maturation stage) and then declined 
slightly toward the end of the process (Figure 3c). The no reappearance 
of a second peak during the maturation stage of mixture B explains 
the high maturity and quality of compost B. Contrary to other 
enzymes urease and alkaline phosphatase, dehydrogenase activity is 
lowest in mixture A than B with a homogenous pattern activity 
between different composting stage (Figures 2c, 3c).

The substrate in mixture A needs more time to be  degraded. 
Dehydrogenase activity during composting was positively correlated 
with thermophilic actinobacteria, mesophilic bacteria, and both 
thermophilic and mesophilic fungi for mixture A; and with 
thermophilic and mesophilic fungi and bacteria for mixture B 
(Table 1). This sensitivity of dehydrogenase activity could be attributed 
to the higher concentration of lignocellulosic substrate in mixture 
A. The initial, high dehydrogenase activity recorded for mixture B 
might have been the result of the high microbial activity due to the 
availability of easy metabolizable substrates. The lignocellulosic 
compounds in mixture A need more time and high microbial activity 
to be decomposed, which explains the continuous dehydrogenase 
activity that occurred until the maturation stage. This dehydrogenase 
activity pattern was like what was observed by Benitez et al. (1999), 
Barrena et al. (2008), and He et al. (2013).

Actinobacteria and fungi produce an active enzyme to degrade 
lignocellulosic compounds. The enzymatic capacity of 
actinobacteria to attack recalcitrant molecules is shown by several 
authors (Tuomela et al., 2000; El Fels et al., 2014c, 2016; Ijoma and 
Tekere, 2017). The importance of high fungal enzyme levels for 
efficient degradation of recalcitrant compounds was better 
demonstrated (Novotný et al., 2004). Saha et al. (2008) and Ge et al. 
(2020) showed that dehydrogenase enzymatic activity occurs during 
composting indicating a high quality of composting microbial 
activities indicating the degradation of easily available organic 
substrates. The soluble organic matter in the composted substrates 
is initially assimilated by the microorganisms; once the soluble 
organic matter is used up, microorganisms produce hydrolytic 
enzymes which depolymerize the larger compounds (lignin, 
cellulose, and hemicellulose) into smaller fragments that are water-
soluble (Tate, 1995; Tiquia et al., 2002; Yadav, 2017). Mani et al. 
(2016) show that the hydrolytic processes result in organic matter 
decomposition. Dehydrogenase activities reflect the presence of 
active microorganisms during the composting process (Bohacz, 
2018). Benitez et al. (1999) and He et al. (2013) showed that the 
dehydrogenase activities are sensitive indicators of the state and 
stabilization of the organic matter.

Dehydrogenase activity corresponds to high microbiological 
activities, which gradually decrease in the maturation stage. The 
maturation phase is characterized by a reduction of hydrolytic 
activities and microbial activity. The stabilization of the dehydrogenase 
activity would mean that during the early stages, most of the easily 
available organic matter had been decomposed. Dehydrogenase 
activity is a general measure of viable microorganisms (Gil-Sotres 
et al., 2005; Sharma et al., 2017). The intracellular microbial biomass 
dehydrogenases are a common enzyme and are rapidly degraded 
following cell death (Kızılkaya, 2008). Hydrogenase activity has been 
used as a measure of overall microbial activity (García and Hernández, 
1997; Poladyan et al., 2019), as it is an intracellular enzyme related to 
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the oxidative phosphorylation process (Trevor et al., 1987; Cook et al., 
2017). Garcia et al. (1994) and Khanna et al. (2017) showed that these 
enzymatic activities are most probably intracellular activities of 
proliferating microorganisms.

4.5 Enzymatic activity trend during 
lignocellulose-rich mixture to predict 
compost quality

The enzymes dynamic between both mixtures A and B. Results 
show that alkaline phosphatase is the most dominant enzymatic 
activity for both mixtures with a maximum rate of approximately 
398.76 and 265.35 μg PNP g−1 h−1, respectively, for A and B (Figures 2, 
5), followed by the urease activity with a maximum of 151.49 and 
122.42 μg NH4-N g−1 2 h−1, respectively, for A and B (Figures 2, 5). 
Nevertheless, the lowest and most homogenous enzymatic activity was 
recorded for dehydrogenase activity during composting by only a 
maximum of approximately 72.29 and 103.28 μg TPF g−1 d−1, 
respectively, for A and B (Figures 2, 5).

Except for the dehydrogenase enzyme, the high enzymatic 
activity for both alkaline phosphatase and urease was shown for 
mixture A with a higher rate of lignocellulosic carbonic substrates 
than mixture B. In contrast, higher enzymatic of dehydrogenase was 
observed for mixture B than for mixture A (Figures  2, 3). In 
addition to physicochemical parameters, this variation trend 
between enzyme activities during the composting process is linked 
especially to the composting substrates, physicochemical 
parameters, and the kind of functional endogenous microorganisms 
loaded by the used substrates for composting. Significant changes 
in the physical and chemical parameters during composting 
substrates have a significant effect on microflora dynamics and as a 
consequence on their enzymatic activities (Tables 1, 3 and Figure 4). 
Composted substrates are key parameters that can affect the enzyme 
dynamics during the composting process. Significance effects from 
the explanatory (composting stage, compost mixtures, phosphatase, 
dehydrogenases, urease activity, bacteria, fungi, and actinobacteria 
compositions) to predict NH4

+/NO3
−, and C/N ratios, 

decomposition rate, and HI as response variables from linear mixed 
models are shown in Table 1. The composting time significantly 
explained the NH4

+/NO3
−, ratio variation during the compositing 

and reported a highly significant p-value (F = −7.2; p < 0.001). 
Similarly, the C/N ratio variability was significantly explained by 
compositing time (F = −10.9; p < 0.001), urease activity (F = −3.1; 
p < 0.005), and fungi percentage (F = 2.3; p < 0.004), respectively 
(Table  1). The composting time (F = 9.52; p < 0.001) and fungi 
percentage (F = 2.75; p < 0.013) explained positively the compost 
decomposition rate (Table 1).

5 Conclusion

The effect of two lignocellulosic proportions was investigated to 
assess the enzymatic trend during the composting process. 
Dehydrogenase was the most sensitive enzyme in this study. 
Dehydrogenase shows a steady increase to reach a peak of 72.29 μg TPF 
g−1 during the maturation stage of lignocellulosic-rich substrate. In 

contrast, dehydrogenase in mixture B shows a peak during the 
thermophilic stage of 103.28 μg TPF g−1. Dehydrogenase activity was 
linked to the functional microbial activities; it was positively correlated 
with thermophilic actinobacteria, mesophilic bacteria, and both 
thermophilic and mesophilic fungi for mixture A; and with only 
thermophilic and mesophilic fungi and bacteria for mixture 
B. Dehydrogenase activities are sensitive indicator of the stabilization of 
the organic matter and could be used as a good indicator of compost 
quality. The results of this study confirm that enzymatic activity variation 
during composting is linked to the physicochemical parameters, 
functional microbial activities variation, and especially to the composted 
substrates. These findings are helpful approaches for evaluating the 
composting progress, indicating the direct usefulness of parameters as 
indicators of microbial activity and dynamics of the composting maturity.

Data availability statement

The datasets presented in this study can be  found in online 
repositories. The names of the repository/repositories and accession 
number(s) can be found in the article/supplementary material.

Author contributions

LE: Conceptualization, Investigation, Methodology, Validation, 
Writing – original draft. AN: Methodology, Writing – review & editing. 
MJ: Conceptualization, Software, Validation, Writing – review & 
editing. NZ: Investigation, Writing – review & editing. AB: Investigation, 
Methodology, Writing – review & editing. YO: Investigation, 
Supervision, Writing – review & editing. MH: Conceptualization, 
Investigation, Supervision, Validation, Writing – review & editing.

Funding

The author(s) declare that financial support was received for the 
research, authorship, and/or publication of this article. This study was 
partially funded by an OCP grant (FP07) to University Mohammed 
VI Polytechnic (UM6P).

Conflict of interest

The authors declare that the research was conducted in the 
absence of any commercial or financial relationships that could 
be construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the authors 
and do not necessarily represent those of their affiliated 
organizations, or those of the publisher, the editors and the 
reviewers. Any product that may be evaluated in this article, or 
claim that may be made by its manufacturer, is not guaranteed or 
endorsed by the publisher.

https://doi.org/10.3389/fmicb.2024.1423728
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org


El Fels et al. 10.3389/fmicb.2024.1423728

Frontiers in Microbiology 11 frontiersin.org

References
Albrecht, R., Le Petit, J., Calvert, V., Terrom, G., and Périssol, C. (2010). Changes in 

the level of alkaline and acid phosphatase activities during green wastes and sewage 
sludge co-composting. Bioresour. Technol. 101, 228–233. doi: 10.1016/j.
biortech.2009.08.017

Allison, S. D., Gartner, T., Holland, K., Weintraub, M., and Sinsabaugh, R. L. (2007). 
“Soil enzymes: linking proteomics and ecological process” in Manual of environmental 
microbiology. eds. C. J. Hurst, R. L. Crawford, J. L. Garland, D. A. Lipson, A. L. Mills 
and L. D. Stetzenbach. 3rd ed (Washington D. C: ASM Press), 704–711.

Antibus, R. K., Kroehler, C. J., and Linkins, A. E. (1986). The effects of externalpH, 
temperature and substrate concentration on acid phosphatase activity of ectomycorrhizal 
fungi. Can. J. Bot. 64, 2383–2387. doi: 10.1139/b86-315

Arioli, S., Monnet, C., Guglielmetti, S., Parini, C., Noni, D., Hogenboom, J., et al. 
(2007). Aspartate biosynthesis is essential for the growth of Streptococcus thermophilus 
in milk, and aspartate availability modulates the level of urease activity. Appl. Environ. 
Microbiol. 73, 5789–5796. doi: 10.1128/AEM.00533-07

Arioli, S., Roncada, P., Salzano, A. M., Deriu, F., Corona, S., Guglielmetti, S., et al. 
(2009). The relevance of carbon dioxide metabolism in Streptococcus thermophilus. 
Microbiol 155, 1953–1965. doi: 10.1099/mic.0.024737-0

Barrena, R., Vázquez, F., and Sánchez, A. (2008). Dehydrogenase activity as a method 
for monitoring the composting process. Bioresour. Technol. 99, 905–908. doi: 10.1016/j.
biortech.2007.01.027

Bastida, F., Kandeler, E., Hernández, T., and García, C. (2008). Long-term effect of 
municipal solid waste amendment on microbial abundance and humus-associated 
enzyme activities under semiarid conditions. Microb. Ecol, 55, 651–661.

Benitez, E., Nogales, R., Elvira, C., Masciandaro, G., and Ceccanti, B. (1999). Enzyme 
activities as indicators of the stabilization of sewage sludges composting with Eisenia 
foetida. Bioresour. Technol. 67, 297–303. doi: 10.1016/S0960-8524(98)00117-5

Bhatia, A., Madan, S., Sahoo, J., Ali, M., Pathania, R., and Kazmi, A. A. (2013). 
Diversity of bacterial isolates during full scale rotary drum composting. Waste Manag. 
33, 1595–1601. doi: 10.1016/j.wasman.2013.03.019

Bohacz, J. (2018). Microbial strategies and biochemical activity during lignocellulosic 
waste composting in relation to the occurring biothermal phases. J. Environ. Manag. 206, 
1052–1062. doi: 10.1016/j.jenvman.2017.11.077

Bremner, J. M., and Mulvaney, R. L. (1978). “Ureaseactivityinsoils,” in Soil enzymes. 
ed. R. G. Burns (London,UK: Academic press).

Cairney, J. W. G. (2011). Ectomycorrhizal fungi: the symbiotic route to the root for 
phosphorus in forest soils. Plant Soil 344, 51–71. doi: 10.1007/s11104-011-0731-0

Chen, X., Zhu, H., Yan, B., Shutes, B., Xing, D., Banuelos, G., et al. (2020). Green-
house gas emissions and wastewater treatment performance by three plant species in 
subsurface flow constructed wetland mesocosms. Chemosphere 239:124795. doi: 
10.1016/j.chemosphere.2019.124795

Chroni, C., Kyriacou, A., Georgaki, I., Manios, T., Kotsou, M., and Lasaridi, K. (2009). 
Microbial characterization during composting of biowaste. Waste Manag. 29, 1520–1525. 
doi: 10.1016/j.wasman.2008.12.012

Cook, G. M., Hards, K., Dunn, E., Heikal, A., Nakatani, Y., Greening, C., et al. (2017). 
Oxidative phosphorylation as a target space for tuberculosis: success, caution, and future 
directions. Microbiol. Spectr. 5, 295–316. doi: 10.1128/microbiolspec.TBTB2-0014-2016

Eivazi, F., and Tabatabai, M. A. (1977). Phosphatases in soils. Soil Biol. Biochem. 9, 
167–172. doi: 10.1016/0038-0717(77)90070-0

El Fels, L., El Ouaqoudi, F. Z., Barje, F., Hafidi, M., and Ouhdouch, Y. (2014b). Two 
culture approaches used to determine the co-composting stages by assess of the total 
microflora changes during sewage sludge and date palm waste co-composting. J. 
Environ. Health Sci. Eng. 12, 1–5. doi: 10.1186/s40201-014-0132-4

El Fels, L., Hafidi, M., and Ouhdouch, Y. (2016). Date palm and the activated sludge 
co-composting actinobacteria sanitization potential. Environ. Technol. 37, 129–135. doi: 
10.1080/09593330.2015.1064171

El Fels, L., Lemee, L., Ambles, A., and Hafidi, M. (2014c). Identification and 
biotransformation of lignin compounds during co-composting of sewage sludge-palm 
tree waste using pyrolysis-GC/MS. Int. Biodeterior. Biodegradation 92, 26–35. doi: 
10.1016/j.ibiod.2014.04.001

El Fels, L., Ouhdouch, Y., and Hafidi, M. (2015). Use of the co-composting time 
extract agar to evaluate the microbial community changes during the co-composting of 
activated sludge and date palm waste. Int. J. Recycl. Org. Waste Agric. 4, 95–103. doi: 
10.1007/s40093-015-0089-z

El Fels, L., Zamama, M., El Asli, A., and Hafidi, M. (2014a). Assessment of 
biotransformation of organic matter during co-composting of sewage sludge-
lignocelullosic waste by chemical, FTIR analyses, and phytotoxicity tests. Int. Biodeterior. 
Biodegradation 87, 128–137. doi: 10.1016/j.ibiod.2013.09.024

Fernández-Delgado, M., Amo-Mateos, E. D., Lucas, S., García-Cubero, M. T., and 
Coca, M. (2020). Recovery of organic carbon from municipal mixed waste compost for 
the production of fertilizers. J. Clean. Prod. 265:121805. doi: 10.1016/j.
jclepro.2020.121805

Finore, I., Feola, A., Russo, L., Cattaneo, A., Di Donato, P., Nicolaus, B., et al. (2023). 
Thermophilic bacteria and their thermozymes in composting processes: a review. Chem. 
Biol. Technol. Agric. 10:7. doi: 10.1186/s40538-023-00381-z

Frankenberger, W. T., and Johanson, J. B. (1982). Effect of pH on enzyme stability in 
soils. Soil Biol. Biochem. 14, 433–437. doi: 10.1016/0038-0717(82)90101-8

Galli, E., Pasetti, L., Fiorelli, F., and Tomati, U. (1997). Olive-mill wastewater 
composting: microbiological aspects. Waste Manag. Res. 15, 323–330. doi: 
10.1177/0734242X9701500309

García, C., and Hernández, T. (1997). Biological and biochemical indicators in derelict 
soils subject to erosion. Soil Biol. Biochem. 29, 171–177. doi: 10.1016/
S0038-0717(96)00294-5

Garcia, C., Hernandez, T., and Costa, F. (1994). Microbial activity in soils under 
Mediterranean environmental conditions. Soil Biol. Biochem. 26, 1185–1191. doi: 
10.1016/0038-0717(94)90142-2

Ge, M., Zhou, H., Shen, Y., Meng, H., Li, R., Zhou, J., et al. (2020). Effect of aeration 
rates on enzymatic activity and bacterial community succession during cattle manure 
composting. Bioresour. Technol. 304:122928. doi: 10.1016/j.biortech.2020.122928

George, T. S., Quiquampoix, H., Simpson, R. J., and Richardson, A. E. (2007). 
Interactions between phytases and soil constituents: implications for the hydrolysis of 
inositol phosphates.

Gil-Sotres, F., Trasar-Cepeda, C., Leirós, M. C., and Seoane, S. (2005). Different 
approaches to evaluating soil quality using biochemical properties. Soil Biol. Biochem. 
37, 877–887. doi: 10.1016/j.soilbio.2004.10.003

Guo, H., Yao, J., Cai, M., Qian, Y., Guo, Y., Richnow, H. H., et al. (2012). Effects of 
petroleum contamination on soil microbial numbers, metabolic activity and urease 
activity. Chemosphere 87, 1273–1280. doi: 10.1016/j.chemosphere.2012.01.034

He, Y., Xie, K., Xu, P., Huang, X., Gu, W., Zhang, F., et al. (2013). Evolution of microbial 
community diversity and enzymatic activity during composting. Res. Microbiol. 164, 
189–198. doi: 10.1016/j.resmic.2012.11.001

Hemati, A., Aliasgharzad, N., Khakvar, R., Khoshmanzar, E., Asgari Lajayer, B., and 
Van Hullebusch, E. D. (2021). Role of lignin and thermophilic lignocellulolytic bacteria 
in the evolution of humification indices and enzymatic activities during compost 
production. Waste Manag. 119, 122–134. doi: 10.1016/j.wasman.2020.09.042

Houfani, A. A., Tláskal, V., Baldrian, P., Hahnke, R. L., and Benallaoua, S. (2022). 
Actinobacterial strains as genomic candidates for characterization of genes encoding 
enzymes in bioconversion of lignocellulose. Waste Biomass Valorizat, 13, 1523–1534. 
doi: 10.1007/s12649-021-01595-8

Huang, Q., Liang, W., and Cai, P. (2005). Adsorption, desorption and activities of acid 
phosphatase on various colloidal particles from an Ultisol. Colloids Surf. B: Biointerfaces 
45, 209–214. doi: 10.1016/j.colsurfb.2005.08.011

Ijoma, G. N., and Tekere, M. (2017). Potential microbial applications of co-cultures 
involving ligninolytic fungi in the bioremediation of recalcitrant xenobiotic compounds. 
Int. J. Environ. Sci. Technol. 14, 1787–1806. doi: 10.1007/s13762-017-1269-3

Jindo, K., Matsumoto, K., García Izquierdo, C., Sonoki, T., and 
Sanchez-Monedero, M. A. (2014). Methodological interference of biochar in the 
determination of extracellular enzyme activities in composting samples. Solid Earth 5, 
713–719. doi: 10.5194/se-5-713-2014

JMP (2022). JMP, Version 2021. Cary, NC: SAS Institute Inc.

Joanisse, G. D., Bradley, R. L., Preston, C. M., and Munson, A. D. (2007). Soil enzyme 
inhibition by condensed litter tannins may drive ecosystem structure and processes: the case 
of Kalmia angustifolia. New Phytol. 175, 535–546. doi: 10.1111/j.1469-8137.2007.02113.x

Khanna, N., Esmieu, C., Mészáros, L. S., Lindblad, P., and Berggren, G. (2017). In vivo 
activation of an [FeFe] hydrogenase using synthetic cofactors. Energy Environ. Sci. 10, 
1563–1567. doi: 10.1039/C8EE90054J

Kızılkaya, R. (2008). Dehydrogenase activity in Lumbricus terrestris casts and 
surrounding soil affected by addition of different organic wastes and Zn. Bioresour. 
Technol. 99, 946–953. doi: 10.1016/j.biortech.2007.03.004

Kong, L., Wang, Y. B., Zhao, L. N., and Chen, Z. H. (2009). Enzyme and root activities 
in surface-flow constructed wetlands. Chemosphere 76:601e608. doi: 10.1016/j.
chemosphere.2009.04.056

Kumar, S., Nand, S., Dubey, D., Pratap, B., and Dutta, V. (2020). Variation in 
extracellular enzyme activities and their influence on the performance of surface-flow 
constructed wetland microcosms (CWMs). Chemosphere 251:126377. doi: 10.1016/j.
chemosphere.2020.126377

Kumari, J. A., and Rao, P. C. (2017). Effect of Temperature on Soil Enzyme Urease 
Activity-productivity. Int. J. Human. Arts Med. Sci. 5, 65–72.

Liang, Q., Chen, H., Gong, Y., Yang, H., Fan, M., and Kuzyakov, Y. (2014). Effects of 
15 years of manure and mineral fertilizers on enzyme activities in particle-size fractions 
in a North China Plain soil. Eur. J. Soil Biol. 60, 112–119. doi: 10.1016/j.ejsobi.2013.11.009

Mandpe, A., Paliya, S., Kumar, S., and Kumar, R. (2019). Fly ash as an additive for 
enhancing microbial and enzymatic activities in in-vessel composting of organic wastes. 
Bioresour. Technol. 293:122047. doi: 10.1016/j.biortech.2019.122047

https://doi.org/10.3389/fmicb.2024.1423728
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org
https://doi.org/10.1016/j.biortech.2009.08.017
https://doi.org/10.1016/j.biortech.2009.08.017
https://doi.org/10.1139/b86-315
https://doi.org/10.1128/AEM.00533-07
https://doi.org/10.1099/mic.0.024737-0
https://doi.org/10.1016/j.biortech.2007.01.027
https://doi.org/10.1016/j.biortech.2007.01.027
https://doi.org/10.1016/S0960-8524(98)00117-5
https://doi.org/10.1016/j.wasman.2013.03.019
https://doi.org/10.1016/j.jenvman.2017.11.077
https://doi.org/10.1007/s11104-011-0731-0
https://doi.org/10.1016/j.chemosphere.2019.124795
https://doi.org/10.1016/j.wasman.2008.12.012
https://doi.org/10.1128/microbiolspec.TBTB2-0014-2016
https://doi.org/10.1016/0038-0717(77)90070-0
https://doi.org/10.1186/s40201-014-0132-4
https://doi.org/10.1080/09593330.2015.1064171
https://doi.org/10.1016/j.ibiod.2014.04.001
https://doi.org/10.1007/s40093-015-0089-z
https://doi.org/10.1016/j.ibiod.2013.09.024
https://doi.org/10.1016/j.jclepro.2020.121805
https://doi.org/10.1016/j.jclepro.2020.121805
https://doi.org/10.1186/s40538-023-00381-z
https://doi.org/10.1016/0038-0717(82)90101-8
https://doi.org/10.1177/0734242X9701500309
https://doi.org/10.1016/S0038-0717(96)00294-5
https://doi.org/10.1016/S0038-0717(96)00294-5
https://doi.org/10.1016/0038-0717(94)90142-2
https://doi.org/10.1016/j.biortech.2020.122928
https://doi.org/10.1016/j.soilbio.2004.10.003
https://doi.org/10.1016/j.chemosphere.2012.01.034
https://doi.org/10.1016/j.resmic.2012.11.001
https://doi.org/10.1016/j.wasman.2020.09.042
https://doi.org/10.1007/s12649-021-01595-8
https://doi.org/10.1016/j.colsurfb.2005.08.011
https://doi.org/10.1007/s13762-017-1269-3
https://doi.org/10.5194/se-5-713-2014
https://doi.org/10.1111/j.1469-8137.2007.02113.x
https://doi.org/10.1039/C8EE90054J
https://doi.org/10.1016/j.biortech.2007.03.004
https://doi.org/10.1016/j.chemosphere.2009.04.056
https://doi.org/10.1016/j.chemosphere.2009.04.056
https://doi.org/10.1016/j.chemosphere.2020.126377
https://doi.org/10.1016/j.chemosphere.2020.126377
https://doi.org/10.1016/j.ejsobi.2013.11.009
https://doi.org/10.1016/j.biortech.2019.122047


El Fels et al. 10.3389/fmicb.2024.1423728

Frontiers in Microbiology 12 frontiersin.org

Mani, S., Sundaram, J., and Das, K. C. (2016). Process simulation and modeling: 
Anaerobic digestion of complex organic matter. Biomass Bioenergy 93, 158–167. doi: 
10.1016/j.biombioe.2016.07.018

Mawang, C. I., Azman, A. S., Fuad, A. S. M., and Ahamad, M. (2021). Actinobacteria: 
An eco-friendly and promising technology for the bioaugmentation of contaminants. 
Biotechnol. Reports 32:e00679. doi: 10.1016/j.btre.2021.e00679

Megha, B., and Simpy, B. (2014). Estimates of soil microbial biomass carbon of forest 
soil types of Gujarat, India. Int. J Cur. Microbiol. Appl. Sci. 3, 817–825.

Meng, X., Li, Y., Yao, H., Wang, J., Dai, F., Wu, Y., et al. (2020). Nitrification and urease 
inhibitors improve rice nitrogen uptake and prevent denitrification in alkaline paddy 
soil. Appl. Soil Ecol. 154:103665. doi: 10.1016/j.apsoil.2020.103665

Moreno, J. L., Jindo, K., Hernández, T., and García, C. (2007). Total and immobilized 
enzymatic activity of organic materials before and after composting. Compost Sci. Util. 
15, 93–100. doi: 10.1080/1065657X.2007.10702318

Moreno, J., López-González, J. A., Arcos-Nievas, M. A., Suárez-Estrella, F., Jurado, M. M., 
Estrella-González, M. J., et al. (2021). Revisiting the succession of microbial populations 
throughout composting: A matter of thermotolerance. Sci. Total Environ. 773:145587. doi: 
10.1016/j.scitotenv.2021.145587

Nannipieri, P., Trasar-Cepeda, C., and Dick, R. P. (2018). Soil enzyme activity: a brief 
history and biochemistry as a basis for appropriate interpretations and meta-analysis. 
Biol. Fertil. Soils 54, 11–19. doi: 10.1007/s00374-017-1245-6

Novotný, Č., Svobodová, K., Erbanová, P., Cajthaml, T., Kasinath, A., Lang, E., et al. 
(2004). Ligninolytic fungi in bioremediation: extracellular enzyme production and 
degradation rate. Soil Biol. Biochem. 36, 1545–1551. doi: 10.1016/j.soilbio.2004.07.019

Pan, J., and Yu, L. (2011). Effects of Cd or/and Pb on soil enzyme activities and microbial 
community structure. Ecol. Eng. 37, 1889–1894. doi: 10.1016/j.ecoleng.2011.07.002

Poladyan, A., Blbulyan, S., Sahakyan, M., Lenz, O., and Trchounian, A. (2019). Growth of 
the facultative chemolithoautotroph Ralstonia eutropha on organic waste materials: growth 
characteristics, redox regulation, and hydrogenase activity. Microb. Cell Factories 18, 1–13. 
doi: 10.1186/s12934-019-1251-5

Rodríguez, H., and Fraga, R. (1999). Phosphate solubilizing bacteria and their role in plant 
growth promotion. Biotechnol. Adv. 17, 319–339. doi: 10.1016/S0734-9750(99)00014-2

Ros, M., Garcia, C., and Hernández, T. (2006). A full-scale study of treatment of pig 
slurry by composting: Kinetic changes in chemical and microbial properties. Waste 
Manag. 26, 1108–1118. doi: 10.1016/j.wasman.2005.08.008

Roy, S., Bhattacharyya, P., and Ghosh, A. K. (2004). Influence of toxic metals on 
activity of acid and alkaline phosphatase enzymes in metal-contaminated landfill soils. 
Soil Res. 42, 339–344. doi: 10.1071/SR03044

RStudio Team (2024). RStudio: Integrated Development for R. PBC, Boston, MA: RStudio.

Saha, S., Mina, B. L., Gopinath, K. A., Kundu, S., and Gupta, H. S. (2008). Relative changes 
in phosphatase activities as influenced by source and application rate of organic composts in 
field crops. Bioresour. Technol. 99, 1750–1757. doi: 10.1016/j.biortech.2007.03.049

Sarr, P. S., Tibiri, E. B., Fukuda, M., Zongo, A. N., and Nakamura, S. (2020). Phosphate-
solubilizing fungi and alkaline phosphatase trigger the P solubilization during the co-
composting of sorghum straw residues with Burkina  Faso phosphate rock. Front. 
Environ. Sci. 8:174. doi: 10.3389/fenvs.2020.559195

Sharma, A., Saha, T. N., Arora, A., Shah, R., and Nain, L. (2017). Efficient 
Microorganism compost benefits plant growth and improves soil health in calendula 
and marigold. Horticult. Plant J. 3, 67–72. doi: 10.1016/j.hpj.2017.07.003

Speir, T. W., and Ross, D. J. (1978). “Soil phosphatase and sulphatase” in Soil enzymes. 
ed. R. G. Burns (London, U.K.: Academic Press), 197–250.

Sudkolai, S. T., and Nourbakhsh, F. (2017). Urease activity as an index for assessing 
the maturity of cow manure and wheat residue vermicomposts. Waste Manag. 64, 63–66. 
doi: 10.1016/j.wasman.2017.03.011

Tabatabai, M. A. (1994). “Soil enzymes” in Methoas of soil analysis. Part 
2-microbiological and biochemical properties. Book Series No. 5. eds. R. W. Weaver, J. S. 
Angle and P. S. Bottomley (Madison, Wisconsin: SSSA, Inc), 775–833.

Tabatabai, M. A., and Bremner, J. M. (1972). Assay of urease activity in soils. Soil Biol. 
Biochem. 4, 479–487. doi: 10.1016/0038-0717(72)90064-8

Tarafdar, J. C., and Marschner, H. (1995). Dual inoculation with Aspergillus fumigates 
and Glomus mosseae enhances biomass production and nutrient uptake in wheat 

(Triticum aestivum L.) supplied with organic phosphorus as Na-phytate. Plant Soil 173, 
97–102. doi: 10.1007/BF00155522

Tate, R. L. (1995). “Soil enzymes as indicators of ecosystem status” IIIII (Ed.). Soil 
microbiology. ed. R. L. Tate (New York: Wiley), 123–146.

Thalmann, A. (1968). Zur Methodik der Bestimmung der Dehydrogenaseaktivität im 
Boden mittels Triphenyltetrazoliumchlorid (TTC). Landwirtsch. Forsch. 21, 249–258.

Tiquia, S. M. (2002). Evolution of extracellular enzyme activities during manure 
composting. J. Appl. Microbiol. 92, 764–775.

Tiquia, S. M., Wan, H. C., and Tam, N. F. (2002). Microbial population dynamics and 
enzyme activities during composting. Compost Sci. Util. 10, 150–161. doi: 
10.1080/1065657X.2002.10702075

Trevor, A. J., Castagnoli, N., Caldera, P., Ramsay, R. R., and Singer, T. P. (1987). 
Bioactivation of MPTP: Reactive metabolites and possible biochemical sequelae. Life Sci. 
40, 713–719.

Tuomela, M., Vikman, M., Hatakka, A., and Itävaara, M. (2000). Biodegradation of 
lignin in a compost environment: a review. Bioresour. Technol. 72, 169–183. doi: 10.1016/
S0960-8524(99)00104-2

Ulmer, D. C., Leisola, M. S. A., and Fiechter, A. (1984). Possible induction of the 
ligninolytic system of Phanerochaete chrysosporium. J. Biotechnol. 1, 13–24. doi: 
10.1016/S0168-1656(84)90055-5

Vargas-García, M. C., Suárez-Estrella, F., López, M. J., and Moreno, J. (2010). Microbial 
population dynamics and enzyme activities in composting processes with different starting 
materials. Waste Manag. 30, 771–778. doi: 10.1016/j.wasman.2009.12.019

Vinhal-Freitas, I. C., Wangen, D. R. B., Ferreira, A. D. S., Corrêa, G. F., and 
Wendling, B. (2010). Microbial and enzymatic activity in soil after organic composting. 
Rev. Bras. Ciênc. Solo 34, 757–764. doi: 10.1590/S0100-06832010000300017

Wan, W., Wang, Y., Tan, J., Qin, Y., Zuo, W., Wu, H., et al. (2020). Alkaline 
phosphatase-harboring bacterial community and multiple enzyme activity contribute 
to phosphorus transformation during vegetable waste and chicken manure 
composting. Bioresour. Technol. 297:122406. doi: 10.1016/j.biortech.2019.122406

Wannet, W. J., Wassenaar, R. W., Jorissen, H. J., Vand Der Drift, C., and Op Den Camp, H. J. 
(2000). Purification and characterization of an acid phosphatase from the commercial 
mushroom Agaricus bisporus. Antonie van Leeuwenhoek 77, 215–222.

Wu, S., Shen, Z., Yang, C., Zhou, Y., Li, X., Zeng, G., et al. (2017). Effects of C/N ratio and 
bulking agent on speciation of Zn and Cu and enzymatic activity during pig manure 
composting. Int. Biodeterior. Biodegradation 119, 429–436. doi: 10.1016/j.ibiod.2016.09.016

Xie, X., Wu, T., Zhu, M., Jiang, G., Xu, Y., Wang, X., et al. (2021). Comparison of 
random forest and multiple linear regression models for estimation of soil extracellular 
enzyme activities in agricultural reclaimed coastal saline land. Ecol. Indic. 120:106925. 
doi: 10.1016/j.ecolind.2020.106925

Xu, J., Jiang, Z., Li, M., and Li, Q. (2019). A compost-derived thermophilic 
microbial consortium enhances the humification process and alters the microbial 
diversity during composting. J. Environ. Manag. 243, 240–249. doi: 10.1016/j.
jenvman.2019.05.008

Yadav, S. K. (2017). Technological advances and applications of hydrolytic enzymes 
for valorization of lignocellulosic biomass. Bioresour. Technol. 245, 1727–1739. doi: 
10.1016/j.biortech.2017.05.066

Ye, D., Li, T., Yu, H., Chen, G., Zheng, X. Z. Z., and Li, J. (2015). P accumulation of 
Polygonum hydropiper, soil P fractions and phosphatase activity as affected by swine 
manure. Appl. Soil Ecol. 86, 10–18. doi: 10.1016/j.apsoil.2014.10.002

Zhang, W., Yu, C., Wang, X., and Hai, L. (2020). Increased abundance of nitrogen 
transforming bacteria by higher C/N ratio reduces the total losses of N and C in chicken 
manure and corn stover mix composting. Bioresour. Technol. 297:122410. doi: 10.1016/j.
biortech.2019.122410

Zhao, Y., Liang, C., Ding, S., Wang, J., Fang, P., Tian, G., et al. (2021). Inoculation 
promoting microbial interaction to strengthen lignocellulose degradation under the 
inappropriate C/N ratio. Bioresour. Technol. Reports 16:100851. doi: 10.1016/j.
biteb.2021.100851

Zhou, S., Wen, X., Cao, Z., Cheng, R., Qian, Y., Mi, J., et al. (2021). Modified cornstalk 
biochar can reduce ammonia emissions from compost by increasing the number of 
ammonia-oxidizing bacteria and decreasing urease activity. Bioresour. Technol. 
319:124120. doi: 10.1016/j.biortech.2020.124120

https://doi.org/10.3389/fmicb.2024.1423728
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org
https://doi.org/10.1016/j.biombioe.2016.07.018
https://doi.org/10.1016/j.btre.2021.e00679
https://doi.org/10.1016/j.apsoil.2020.103665
https://doi.org/10.1080/1065657X.2007.10702318
https://doi.org/10.1016/j.scitotenv.2021.145587
https://doi.org/10.1007/s00374-017-1245-6
https://doi.org/10.1016/j.soilbio.2004.07.019
https://doi.org/10.1016/j.ecoleng.2011.07.002
https://doi.org/10.1186/s12934-019-1251-5
https://doi.org/10.1016/S0734-9750(99)00014-2
https://doi.org/10.1016/j.wasman.2005.08.008
https://doi.org/10.1071/SR03044
https://doi.org/10.1016/j.biortech.2007.03.049
https://doi.org/10.3389/fenvs.2020.559195
https://doi.org/10.1016/j.hpj.2017.07.003
https://doi.org/10.1016/j.wasman.2017.03.011
https://doi.org/10.1016/0038-0717(72)90064-8
https://doi.org/10.1007/BF00155522
https://doi.org/10.1080/1065657X.2002.10702075
https://doi.org/10.1016/S0960-8524(99)00104-2
https://doi.org/10.1016/S0960-8524(99)00104-2
https://doi.org/10.1016/S0168-1656(84)90055-5
https://doi.org/10.1016/j.wasman.2009.12.019
https://doi.org/10.1590/S0100-06832010000300017
https://doi.org/10.1016/j.biortech.2019.122406
https://doi.org/10.1016/j.ibiod.2016.09.016
https://doi.org/10.1016/j.ecolind.2020.106925
https://doi.org/10.1016/j.jenvman.2019.05.008
https://doi.org/10.1016/j.jenvman.2019.05.008
https://doi.org/10.1016/j.biortech.2017.05.066
https://doi.org/10.1016/j.apsoil.2014.10.002
https://doi.org/10.1016/j.biortech.2019.122410
https://doi.org/10.1016/j.biortech.2019.122410
https://doi.org/10.1016/j.biteb.2021.100851
https://doi.org/10.1016/j.biteb.2021.100851
https://doi.org/10.1016/j.biortech.2020.124120

	Microbial enzymatic indices for predicting composting quality of recalcitrant lignocellulosic substrates
	1 Introduction
	2 Materials and methods
	2.1 Materials
	2.2 Composting preparation, sampling, and physicochemical analysis
	2.3 Microbial dynamic assessment
	2.4 Enzymatic activities
	2.4.1 Dehydrogenase activity
	2.4.2 Alkaline phosphatase activity
	2.4.3 Urease activity
	2.5 Data modeling, the linear mixed regression model
	2.6 Statistical analysis

	3 Results
	3.1 Percentage of microbes decomposing recalcitrant lignocellulosic substrate
	3.2 Enzyme concentrations and microbial activities in the compost mixtures
	3.3 Physicochemical index to predict compost quality

	4 Discussion
	4.1 Microbial dynamic during composting
	4.2 Alkaline phosphatase activity during composting
	4.3 Urease activity during composting
	4.4 Dehydrogenase activity during composting
	4.5 Enzymatic activity trend during lignocellulose-rich mixture to predict compost quality

	5 Conclusion

	 References

