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Burning rice straw contribute to Atmospheric Pollution, which makes it unsustainable in the long-
run, but are still opted by farmers due to faster removal of residue. Lignocellulose Degrading 
Microorganisms, facilitating sustainable management, may accelerate the breakdown of various crop 
residues. A study comprised of twenty-one treatments including fungal strains, bacterial strains and 
microbial consortia. In addition, nitrogen supplementation as well as the retention of rice crop residue 
and incorporation were included in treatments accordingly. The results showed that T12 (Residue 
Incorporated + Microbial Consortia + Urea) have highest decomposition and enzyme activities. With 
content of rice residue decreased to cellulose 17%, hemicellulose 4% and lignin 16% from 41%, 9%, 
and 28% respectively in T12. Enzyme activities being highest on 30th DOA (Day of Application) were; 
cellulose activity of 0.691 µmole/ml/h, laccase activity of 705.7 µg/µl/h and peroxidase activity of 271.2 
µmole/g/h in T12. The CO2 emission by the T12 were also highest on 30th day as 6.16 mg CO2/g/d, which 
still when compared to the values of open field burning were prominently lower. Therefore, for the 
purpose of sustainable residue management, we deduce that the employment of microbial consortia 
in conjunction with residue-incorporated nutrient supplementation has the potential to accelerate the 
larger-scale decomposition of rice straw.
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(LCDMOs), Nutrient supplementation, Enzymatic assay, CO2 emission

Burning crop residue is a popular practice in poor nations since farmers are often unaware of the advantages of 
using it for other purposes. Because of this, open burning is a tempting alternative for getting rid of crop residue, 
particularly in Asian countries1. Burning crop residues may be a cheap and convenient choice for farmers, but 
the emissions from it change the chemical makeup of the atmosphere and large-scale agricultural waste burning 
significantly affect the carbon cycle2. The primary industry in Pakistan is agriculture, and field burning is a major 
source of air pollution. It was found that among the 750 Tg (million tonnes) of waste burned in Asia in 2000, 250 
Tg consisted of agricultural leftovers. Though Pakistan’s contribution to agricultural residue burning was just 
about 10 Tg, it is nevertheless significant when compared to other Asian nations3.

Rice straw is the most commonly produced agricultural waste worldwide4. About 650–975 million tons of 
rice straw is produced globally per year, from which a large part is used as feed for cattle and the rest is rice straw 
waste5. The majority of farmers decide to burn their fields because it is a quick and easy way to do so instead of 
cleaning them, and because they lack the technologies needed for in-situ integration of residues and are ignorant 
of their value. Regrettably, this burning method causes large losses of valuable organic matter and plant nutrients 
in addition to environmental contaminants, fire risks, etc6. This practice releases large amounts of Particulate 
Matter (PM10 and PM2.5) and greenhouse gases like CH4, CO2, NO2, and SO2, which have a negative impact 
on health of humans and cause unfavorable alterations in the environment7.On the other hand, rice straw is 
resistant to quick breakdown because to the distinctive structural feature generated by the complex interplay 
between cellulose, hemicellulose, and lignin8. A cost-effective and ecologically responsible way is needed, so 
to efficiently manage varied crop wastes in order to reduce the harmful impacts of burning crop waste on-site 
and offer convenience to farmers9. A variety of in-situ rice reside techniques were used, including rotational 
tillage, deep burying, and crushing10,11. However, when applied alone, these techniques are not very efficient at 
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speeding up the breakdown of straw. The breakdown of lignocellulosic straw in soil is mostly caused by microbes. 
Numerous natural microbes, including Bacillus, Pseudomonas, Trichoderma, Aspergillus, and others, produce 
lignin-degrading enzymes, cellulase, and hemicellulase, which can break down lignocellulose8,12. Different 
hydrolytic exo-enzymes are known to be released by lignocellulose degrading microorganisms (LCDMOs) for 
the de-polymerization of cellulose, lignin, proteins, lipids, and other complex organic compounds13. For the 
decomposition of cellulose the primary producers of cellulases, are cellulolytic bacteria, fungi, and protozoa14. 
Whereas, there are lignin-decomposing microbes which produce a variety of enzymes that break down 
lignin, such as manganese peroxidase, laccase, and lignin peroxidase, which all exhibit a high degree of lignin 
breakdown selectivity15. The enzymatic hydrolysis of cellulose can be monitored using CMCase activity (CA), 
which displays endoglucanase activity16. Peroxidases and laccases are oxidative enzymes which contribute in 
the decomposition of lignin17,15and their activity can be monitored. The microbes are widely distributed in the 
native rice-growing fields so their diversity in degrading efficiency and optimal time for rice straw utilization 
can be investigated. Low decomposition rates, decreased soil microbes and deficiency of ammonium nitrogen in 
soil, are all significant factors that restrict the rate of breakdown in any approach for managing crop residues18. 
Because of its efficiency, potential for energy savings, cost-effectiveness, and environmental friendliness, using 
microbial agents to speed up straw decomposition is a promising approach19,10.

Keeping in view of above literature a study was designed with hypothesis hat the decomposition of rice straw 
was speed up with LCDMOs by themselves or in combination with N supplementation and providing an eco-
friendly substitute for open-field burning and minimizing atmospheric pollution. A novel blend of microbial 
strains and amendments were implied in this research. In it a distinct combination of bacteria and fungi were 
introduced i.e., fungal strains (Aspergillus flavus, Aspergillus niger, Penicillium spp., Emmonsia pasteurina) and 
bacterial strains (Monococcus echinophorus, Bacillus subtilis, Streptococcus sanguis, Pseudomonas fluorescens). 
The use of grow bags with controlled amounts of soil, straw, nutrients, and microbial inoculants enables precise 
measurements of decomposition dynamics and could provide valuable data to the science.

The objectives of the current study was to determine (i) use of fungi or bacteria consortium and N 
supplementation, both separately and together for effective decomposition of rice straw, and (ii) estimate the 
fungi or bacteria consortium enzymatic assays.

Materials and methods
Selection of microbial strains
The site of ten years long term residue management and conservation tillage plots were selected for isolation of 
potential lignocellulolytic microorganisms from Rice Research Institute (31°72’ N, 74°28’ E, Slope 1.8%), Kala 
Shah Kaku (RRI, KSK), Sheikhupura, Punjab, Pakistan20. Soil samples were collected and processed after that, 
it was put through a series of dilutions and spread-plate plated on modified carboxymethyl cellulose media21. 
For three days, the plates for bacteria were incubated at 30 °C and for fungus were incubated at 25 °C. Following 
isolation and purification, morphologically distinct colonies of bacteria and fungus were repeatedly streaked on 
the appropriate solid media. The cultures that had been cleansed were kept at 4 °C. Sub-culturing was carried 
out once a month. The potential strains were selected on the basis of primary and secondary screening. The 
primary screening which was qualitative screening included estimation of cellulolytic activity using CMC 
(Carboxymethyl cellulose) agar plate method22and oxidative test using Tannic acid agar plate method23–27. The 
secondary screening was the quantitative estimation of lignocellulolytic enzymes, it included CMC Assay26,28–31, 
FPase Assay26,28–31and Laccase Assay32–34. The fungal and bacterial strains were identified morphologically35 and 
used. The fungal strains used were Aspergillus flavus, Aspergillus niger, Penicillium spp. and Emmonsia pasteurina 
and the bacterial strains that were used were Monococcus echinophorus, Bacillus subtillus, Streptococcus sanguis 
and Pseudomonas flourescens. Fungal and bacterial cultures were then prepared for treatment imposition36,37.

Treatment imposition
 To estimate the potential of isolated bacterial, fungi strains, their consortia and nitrogen supplementation a 
pots experiment designed with microbes and residue management practices. The experiment comprised of 
21 treatments details in (Table 1) with three replications. The whole setup displayed in Fig. 1. In the present 
study, we intended to compare crop residue removal (CR), residue retention (CRt) as in Fig. 2a and residue 
incorporation (CI) as in Fig. 2b with respect to residue management practices.

A grow bag of size (14 × 10 inches) filled with 6 kg of soil. In each pot containing straw, 9 g of straw, 0.03 
gram urea, 9 g of cow dung, Fungal Spore solution ( 108 spores ml−1)38, Bacterial Culture Broth ( 108 viable 
cells ml−1)36 and microbial consortia in treatments containing fungi and bacteria was 40 ml in each respected 
treatment pot.

Sample collection
All samples for assay techniques and CO2 estimation were collected at 15 days’ interval. With samples collected 
at 15 th, 30 th, 45 th and 60 th day of Application. In case of content measurement, the samples were collected 
on the 45 th day of application only.

Assay techniques
Cellulase activity
To measure cellulose activity firstly 1 gram of sample was taken in a test tube. In it as a substrate 10 ml of 1%CMC 
was added. Then 10 ml (0.2 M) Sodium Acetate buffer was added (with pH 5.9). Then each test tube’s mouth 
was covered with aluminum foil and they were then incubated for 24 h at 30 °C. Then the released sugars were 
measured by the DNS method to quantitatively measure the cellulose decomposition, by plotting a Glucose 
Standard Curve39,40. Cellulase Activity was calculated as per formula in Eq. (1)41;
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Fig. 2.  (a) Residue Retained Pot and (b) Residue Incorporated Pot.

 

Fig. 1.  Treatment Pots maintained in field condition.

 

Sr.No. Treatment number Treatment details

1 T1 Straw removed

2 T2 Straw retained

3 T3 Straw incorporated

4 T4 Straw removed + Urea

5 T5 Straw retained + Urea

6 T6 Straw incorporated + Urea

7 T7 Straw retained + Urea + Fungi

8 T8 Straw retained + Urea + Bacteria

9 T9 Straw retained + Urea + Microbial consortia

10 T10 Straw incorporated + Urea + Fungi

11 T11 Straw incorporated + Urea + Bacteria

12 T12 Straw incorporated + Urea + Microbial Consortia

13 T13 Straw retained + Fungi

14 T14 Straw retained + Bacteria

15 T15 Straw retained + Microbial Consortia

16 T16 Straw incorporated + Fungi

17 T17 Straw incorporated + Bacteria

18 T18 Straw incorporated + Microbial Consortia

19 T19 Straw removed + Cow Dung

20 T20 Straw retained + Cow Dung

21 T21 Straw incorporated + Cow Dung.

Table 1.  Details of experimental treatments.
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Cellulase activity = µ moles × Vt

Vs × t
� (1)

Laccase activity
A 15 ml Falcon tube was filled with 1 g of sample in order to quantify the laccase activity. It was agitated on a 
shaker for half an hour then after 10 milliliters of distilled water was added in it. The samples were shaken and 
then run through Whatman No. 51 Filter Paper for filtering. Then the filtrate was centrifuged at 12,000 rpm for 
15 min.

We took 25 µl of the generated supernatant. It was then filled with 1.5 milliliters of 0.2% ABTS (2,2’-azino-
bis (3-ethylbenzothiazoline-6-sulphonic acid)) in a 100 mM sodium acetate (SA) buffer. After that, it remained 
30 min being incubated at 30 °C. Soil suspension plus buffer, substrate plus buffer, and buffer alone were the 
preparations for the controls. After incubation, the absorbance was measured at 436 nm39. Laccase activity was 
calculated as per formula in Eq. (2)42;

	
Laccase Activity = ∆ Abs × Vt

Vs × t × ϵ × d
� (2)

Peroxidase activity
The amount of hydrogen peroxide (H2O2) that was added to the pyrogallol substrate oxidation rate was used 
to calculate the peroxidase activity. A test tube was filled with 0.1 g of every single soil sample. In it was added 
25 ml of 50 mM sodium acetate buffer (pH 5). The suspension was subsequently combined for a minute with a 
vortex mixer.

500 µl of pyrogallol solution was mixed with 2 milliliters of soil suspension to determine the enzyme activity. 
In each sample and control, 10 µl of 0.3% hydrogen peroxide was added. Substrate plus buffer, soil suspension 
plus buffer, and buffer alone were the three sets of controls that were prepared. Then next the samples were 
incubated for 4 h at 20 °C. Then absorbance was calculated at 460 nm43,17. Peroxidase Activity was calculated as 
per formula in Eq. (3)44;

	
P eroxidase Activity = ∆ Abs × Vt

Vs × t (h) × ϵ × d × Soil mass (g) � (3)

Cellulose, hemicellulose and lignin content
For the estimation of lignin, hemicellulose and cellulose, the Ultrasound Assisted Alkaline Extraction Method 
was used39,45. Samples were collected at 45 th DOA, were oven dried and then were grinded to powder.

20 ml of 2 M NaOH (Sodium Hydroxide) were added to a 50 ml Falcon Centrifuge tube containing one gram 
of the material, which was then submerged in a water bath (90 °C) for 1 ½ hours and then Ultra-Sonicated for 
30 min at a power of 500 W. Then the samples were centrifuged at 3500 rpm for 20 min. After centrifugation 
the filtrate and residue were separated out using a nylon cloth. After that, distilled water used for washing the 
residue multiple time until transparent or clear filtrate was reached. The residues were then oven dried at 50–60 
°C for collection of cellulose.

The filtrate after collection of cellulose was acidified with HCl (Hydrochloric acid) adjusting pH to 5.5. Then, 
three liters of a 90% ethanol solution (1:3; sample: ethanol) were used to precipitate it. It was then centrifuged 
for 20 min at 3500 rpm. The filtrate and residue were separated. Following a 70% ethanol wash, the residue was 
placed inverted in the tubes for a full day. The residue was collected for hemicellulose content by oven drying it 
at 50–60 °C.

Following ethanol’s evaporation, the filtrates were acidified (pH 1.5) using 6 M HCl. Then centrifuged at 3500 
rpm for 20 min. The residue then washed with HCl and the pH adjusted to 2 and then samples were freeze dried. 
Following freeze-drying, the contents of tubes were weighed to determine lignin content, with an empty tube 
serving as a control. Regarding the rice straw, the yields of cellulose, hemicellulose, and lignin were reported on 
a dry weight basis.

CO2 Estimation
CO2was estimated by acid-base titration46. To do so, 20 ml of NaOH solution was taken in each beaker. The 
beakers were then placed in each pot, and plastic bottles were placed over them to create a sealed environment. 
They were then left there for three hours.

To precipitate the absorbed carbon dioxide as barium carbonate, the plastic bottles were removed after three 
hours and 2 ml of 0.5 M barium chloride solution was added to each beaker. 2–3 drops of phenolphthalein were 
added, the solution turned pink. The remaining NaOH was titrated against 0.1 M HCL until it went from pink 
to colourless. The amount of Diluted HCl used was noted. Controls were also prepared and the whole procedure 
was repeated on them without soil. CO2 released was estimated on the basis of difference in values between 
initial NaOH to final NaOH. The CO2 was estimated as per formula in Eq. (4)46;

	
CO2 emission = (C − S) × 2.2 × 100

sw.%dw
� (4)
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Statistical analysis
ANOVA (Analysis of Variance) using Statistics 8.1 statistically analyzed the recorded data. The design used for 
statistical analysis was factorial design and after the analysis, LSD (Least Significant Difference) was applied to 
find the significance between the different treatments.

Results
Enzymatic activities
All the enzymatic activities calculated, the highest in the treatments containing microbial inoculation. The 
treatments containing microbes in microbial consortia showed the highest level of enzymatic activities, among 
which the treatments having supplementation of Urea as well had greatest values. The presence of microbes 
increased the rate of decomposition, which was evident from the increase in enzymatic activities by microbes, as 
these assay techniques demonstrate the Lignocellulosic activities of enzymes.

The highest enzymatic activities were observed in the initial DOA as shown in the heat map of the enzymatic 
activities (Fig. 3). This was the same for all three enzymatic activities i.e. the cellulase, laccase and peroxidase 
activities. The red colour intensity shows how greater the activity is and the gradual loss in red colour with 
passing days indicates towards the decrease of enzymatic activities. Most of the treatments with added microbes 
i.e. Treatment 7–18 showed increased enzymatic activities on day 15 earlier than the others with microbes 
removed, which showed the start of enzymatic activities from day 45 th of addition of straw. Also the treatments 
with just fungi added i.e. T7, T10, T13, and T16 showed higher enzymatic activities rates than the treatments with 
just bacteria added i.e. T8, T11, T14, and T17. Which showed that fungi have higher microbial decomposition rates 
than the bacteria. But when compared to the microbial consortia with both fungi and bacteria added i.e. T9, 
T12, T15 and T19, the enzymatic activities were the highest of microbial consortia treatments than the treatments 
with microbes separated. Among the microbial consortia treatments, T12 had the highest enzymatic activities, in 
Fig. 3 the red colour variants from day 15 th to day 60 th showed that the microbial decomposition rate, which 
were high at all days when, compared with the other treatments.

The highest cellulase, laccase and peroxidase activities in all treatments were recorded at 30 th day of 
application. The activities increased from day 15 th to 30 th and onward a decreasing trend followed. As red 
colour being the display of activity in our heat map, the lack of red colour in the Control Treatment 1 (straw 
removed) showed that it had the least microbial activity. When compared to the Control the highest cellulase 
activity was observed in Treatment 12, which on the 30 th day was 0.691 µmole/ml/h, whereas the average 
activity of treatment 12 was 0.335 µmole/ml/h. On average as well as on the 30 th day, treatment 15 had the 
second highest cellulase activity, which was 0.272 µmole/ml/h and 0.632 µmole/ml/h respectively. The highest 
laccase activity on 30 th day was observed in Treatment 12, which was 705.7 µg/µl/h. Average laccase activity 
recorded in treatment 12 was 328.5 µg/µl/h, whereas the highest average of laccase activity was recorded in 
treatment 18, which was 370.6 µg/µl/h. The highest peroxidase activities were also present on the 30 th DOA, 
and among all the treatment samples, the highest activity was measured in Treatment 12 followed by T9, which 

Fig. 3.  Heatmap of the time course enzymes activities and CO2 emission under different treatments [rows]. 
The red-blue colour system was used to represent the peroxidase, cellulose, laccase activity and CO2 emission 
at 15, 30, 45 and 60 days of application[column].
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were 271.2 µmole/g/h and 262.2 µmole/g/h. The highest average peroxidase activity was found in treatment 12 
followed by treatment 13, which were 218.8 µmole/g/h and 185.1 µmole/g/h respectively. These activities values 
showd that the highest activities wre found to be in T12.

Cellulose, hemicellulose and lignin content
The highest decomposition rates were observed in the treatments containing microbial consortia. The treatments 
containing nutrient supplementation and in which the residue was incorporated showed the highest values 
of cellulose, hemicellulose, and lignin decomposition after a time span of 45 days of application. The initial 
cellulose, hemicellulose and lignin concentration observed were 41%, 9%, and 28% respectively. The highest 
decomposition rates were observed in treatment T12 (Residue Incorporated + Urea + Microbial Consortia), 
which were decreased to cellulose 17%, hemicellulose 4% and lignin 16% from 41%, 9%, and 28% respectively.

It can be seen in content graph (Fig.  4) that the least content was obtained from treatment 12 followed 
by Treatment 18, both of which contained microbial consortia and the residue was incorporated in them. In 
treatment 18 the cellulose, hemicellulose and lignin content found were 19%, 5% and 18% respectively. The 
difference between treatment 12 and treatment 18, which happened to be the cause of more decomposition in 
Treatment 12 was Nutrient supplementation. Treatment 12 was supplemented with Urea, whereas Treatment 
18 was without any nutrient supplementation. Therefore, the presence of available nitrogen increased the 
decomposition of rice straw residue.

CO2 Emission
The emissions of CO2 were seen the highest in treatments, which had microbial inoculation. The presence of 
microbes increased the emissions of CO2, with nutrient supplementation further increasing the emission values. 
The highest rate of emission of CO2 was seen on 30 th day of Application, followed by 15 th day of Application, 
which can be seen in Fig. 5. Also in Fig. 3 Heat map of CO2 the gradual loss of red colour, which indicates the 
high emission rates, can be seen, this loss of red colour with days shows the decrease in emissions and also 
indicates towards the decrease in microbial activity rates. These values indicated that the growth of microbes in 
the initial days led to the increase in CO2 emissions. In addition, the negligible change in emissions in the control 
T1 (as seen in Fig. 5) that was 2.93 ± 0.07, 2.93 ± 0.07, 3.23 ± 0.08 and 2.93 ± 0.07 mg CO2/g/d on the 15 th, 30 
th, 45 th and 60 th day respectively showed that the increase in CO2 emissions was due to the microbial activity. 
Among all the treatments, the highest amount of mean CO2 emissions were from T12 (Residue Incorporated 
+ Microbial Consortia + Urea) with emission of 6.16 mg CO2/g/d on 30 th DOA, this indicated towards the high 
microbial decomposition activity in the Treatment 12.

Discussion
In our study, treatments with added microbes i.e. T7-18 showed higher enzymatic activities and CO2 emissions 
on D15 earlier than ones with microbes removed (D45). Also with just fungi added i.e. T7, T10, T13, and T16 
showed higher enzymatic activities rates and CO2 emissions than the treatments with just bacteria added i.e. 
T8, T11, T14, and T17. Showing that fungi have higher microbial decomposition rates than the bacteria. But in 
comparison the enzymatic activities and CO2 emissions in microbial consortia i.e. T9, T12, T15 and T19, were 
the highest. T12 had the highest enzymatic activities and CO2 emissions. Lignocellulosic enzymatic activities 

Fig. 4.  Decomposition percentage of Cellulose, hemicellulose and lignin content under different treatments.
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were highest on 30 th Day of Application (DOA). As the content measurement was done on the 45 th day, 
so the peak enzymatic activities show the high decomposition rates of different treatments. Highest average 
cellulase activity recorded was highest in T12 (0.335 µmole/ml/h) followed by T15 (0.272 µmole/ml/h). Highest 
average laccase activity recorded was highest in T18 (370.6 µg/µl/h) followed by T12 (328.5 µg/µl/h). Highest 
average peroxidase activity recorded was highest in T12 (218.8 µmole/g/h followed by T13 (185.1 µmole/g/h). 
The highest amount of CO2 emission were from treatment T5 followed by T12 which were, 6.45 mg CO2/
g/d and 6.16 mg CO2/g/d, respectively. Highest degradation rates were observed in the treatments containing 
microbial consortia. Treatments containing nutrient supplementation and in which the residue was incorporated 
showed the highest values. The initial cellulose, hemicellulose and lignin concentration observed were 41%, 9%, 
and 28% respectively. The highest degradation rates were observed in T12 in which the decrease to cellulose 
17%, hemicellulose 4% and lignin 16% was observed. The least content obtained from T12 followed by T18, 
both of which contained microbial consortia and incorporated residue with only difference being Nutrient 
supplementation of Urea in T12.

Large amounts of lignocellulosic rice straws are produced worldwide and have the potential to be recycled 
for the manufacture of bio fuel, biochar, and pulp39. Microbial populations have the ability to produce enzymes 
that degrade various crop residues47. Various fungal species, such as Fusarium spp., Aspergillus terreus, 
Paecilomyces fusisporous, Micromonospora, and Coriolus Versicolor, have been shown to have lignocellulolytic 
activity in numerous investigations48. Numerous bacterial species, including Bacillus, Pseudomonas, including 
Actino-bacteria, have been found to be capable of breaking down lignin and cellulose materials39. The microbes 
used in our current study are those that may be separately used in different studies for decomposition of crop 
residues, but the combination of the microbes was distinct and new. The microbes combination used was fungal 
strains (Aspergillus flavus, Aspergillus niger, Penicillium spp., Emmonsia pasteurina) and bacterial strains 
(Monococcus echinophorus, Bacillus subtilis, Streptococcus sanguis, Pseudomonas fluorescens). Multi-strain 
microbial consortia are frequently said to have strong cellulose-degrading abilities49. A mixture of fungus and 
cellulase enzyme-secreting strains of Bacillus is necessary for efficient cellulose decomposition50. In our study 
we used multi-strain microbial consortia, containing 4 fungal and 4 bacterial strains, for attaining highest degree 
of decomposition. Similarly, in some other study a multi-strain approach in which a five-member microbial 
consortium created showed noticeably greater effectiveness in destroying bitter Ginseng residues and straws51.

In a research on rice and wheat residues, it was demonstrated that rice and wheat residues underwent 
significant reductions in cellulose and lignin content following 30 days of in situ decomposition employing a 
microbial consortium consisting of bacteria, actinomycetes, and fungus. Rice residue with microbial consortia 
saw a 12.5% greater rate of residue decomposition than rice residue alone52. Our study showed similar results, 
after 45 days of application the rice crop residue were decreased to cellulose 17%, hemicellulose 4% and lignin 
16% from 41%, 9%, and 28% respectively. According to another research the cellulose decrease extent was similar 
to our cellulose decrease but the hemi-cellulose and lignin decrease in our study was greater due to microbial 
consortia application, with not only bacteria present in it but also fungi. In that study the main consortia was 
of bacteria, the initial lignin, cellulose, and hemicellulose contents in rice straw were 39.4, 20.4, and 9.3%, 
respectively, which significantly decreased at the 28 th DOC (Day of Composting) by 18.4, 17.8, and 7.2%, 
respectively39. This proves that different strains of microbes showed different extent of residue decomposition, 
with fungal strains being more efficient in decomposition of more difficult lignin components. Even in fungi, 
different strains show different decomposing efficiency. One such study found the strains A. flavus RPW 1/3 
with 31% residue loss and A. terreus RPW 1/6 with 29% residue loss were the isolates with the largest residue 
loss. The minimum loss was noted with P. janthinellum RPWM 2/2 (21%), C. cladosporioides MWM 4/14 (2%), 

Fig. 5.  CO2 emission at different time interval under various treatments.

 

Scientific Reports |        (2025) 15:32381 7| https://doi.org/10.1038/s41598-025-99613-5

www.nature.com/scientificreports/

http://www.nature.com/scientificreports


Alternaria alternata RZWM 3/2 (26%), and P. oxalicumMWM 4/13 (18%)23. The same outcomes of 21.1% weight 
decrease in rice residue following 3 weeks of treatment were noted with A. terreus53. Similarly, in our study 
one such fungal strain that was used was A. flavus with other high degrading efficient strains as they had high 
decomposing efficiency.

Our study showed that the highest cellulase activity was demonstrated in treatments containing microbial 
consortia, with highest activity on the 30 th DOA which them declined upto 60 th DOA. Another study 
conducted showed similar results with treatments having microbial consortia with highest cellulose activity 
and that all treatments had greater cellulase activity at the 28 th DOC, which then declined until the 42nd 
DOC39. Another study’s results also showed similarity that the CMCase activity of all extracellular hydrolytic 
enzymes at 30 DAT (Day After Treatment), showed an overall rise, but around 60 DAT, it started to fall. For 
this study lignocellulolytic bacteria were used, which were C. cinerea and C. stercoreusthat exhibited CMCase 
activity within 2.30 and 5.58 µmoles/g/d3. In our study we also used 4 different bacterial strains that exhibited 
the most lignocellulolytic activities. But the strains used in our study were different from other studies as they 
were isolated from residue management and conservation tillage plots. When only bacterial strain considered 
they showed high cellulose activity, but in comparison to the fungal strains and microbial consortia used in 
the experiment, the activity was lesser in comparison. The highest average of CMCase activity of the microbial 
consortia was 0.335 µmole/ml/h in our experiment.

Our study showed that the highest peroxidase and laccase activities, which are evident of lignin decomposition, 
were seen on 30 th DOA. The treatments containing microbes had highest decomposition rates, with nutrient 
supplementation enhancing the decomposition potential of microbes. The highest average peroxidase and laccase 
activities were found to be 218.8 µmole/g/h and370.6 µg/µl/h, respectively. The peroxidase activities were much 
higher than other studies carried out before, which may be due to the distinct combination of microbial consortia 
used. Another study of residue decomposition showed that the 28 th Day of Composting had the highest laccase 
activity, followed by the 21 st Day of Composting. At the 28 th Day of Composting, microbial consortium 
treatments showed higher laccase activities compared to the control which showed the lowest laccase activity39. 
Microbial inoculation’s impact on agricultural leftovers were significant for peroxidases and laccases, with 
significant enhancement on 20 th day of incubation55. Another study demonstrated that residue incorporation 
along with microbial consortia with added nutrient supplementation had the greatest decomposition efficiency. 
It showed that because of the increased microbial population and the soil’s active breakdown of residues, the 
T3 (residue incorporation + microbial consortium + urea) may have higher peroxidase activity. At 30 DAT, the 
T2 treatment exhibited the highest peroxidase activity (2.42 µmoles/g/h), while the T3 treatment displayed the 
highest activity54.

In our study the highest decomposition rates and highest activity was found in treatments with urea 
supplementation. The presence of available N was ensured through urea, which facilitated the decomposition 
process. A study on the effect of N on the degradation potential showed similar findings. It concluded that 
the treatment’s inclusion of N encourages the infected fungi’s mycelial growth. This increased lignin-degrading 
enzyme production increased the activity of peroxidase in the fungal biomass56.

According to our current study, there was a spike in CO2 emissions with the increase in decomposing 
activities. However when compared to CO2emissions by burning the value is on the lower side, being 
environmentally sustainable. In another study, it was found that the rise in CO2 emissions was caused by the 
inclusion of microbial consortia, which doubled the rate of decomposition54. In another study, CO2emissions 
peaked at the 28 th DOC and were higher initially before declining, which added further evidence to the fact that 
CO2 emissions increase with the increase in decomposing activities39. The same results were found in our study, 
where the CO2 emissions peaked on the 30 th DOA and then gradually decreased.

Still, even if the lignocellulolytic activities increase the CO2 emissions, but when the value of these emissions 
are compared with the emissions by residue burning, they are the least significant. When in various studies the 
amount of CO2 emissions were estimated of open field burning of rice straw, they were 1663.01 kg CO2eqv/
kg-d57, 1177 g/kg58and 1160.9 ± 180.9 g/kg59 which are equivalent to 1663 mg/g, 1177 mg/g and 1160 mg/g of 
CO2 emission. Whereas, in our study the highest value of CO2 emission that was found was 6.16 mg CO2/g/d, 
which is clearly lower than any CO2 emission by burning. The CO2 emissions by microbial decomposition of 
residues in our present study and various different studies were clearly lesser than the emissions by open burning 
of rice straw, proving use of microbial consortia to be a sustainable alternative to residue burning. Our study 
used a distinct combination of microbial consortia, with bacterial and fungal strains combined. Which can 
provide a valuable insight to the scientific research on residue waste management. With further modifications, 
this method of rice straw decomposition can be used on larger scale in fields.

Conclusion
In the rice-wheat agricultural system, rice straw provides a sustained source of nutrients and soil organic matter for 
improvement of soil health and environment. However, poor degrading methods and a shorter turnaround time 
between harvests result in burning and air and soil pollution from rice straw management. For the farmers, their 
rapid in situ management might create a sustainable economy. This study proves the efficacy of lignocellulose-
degrading microbial consortia, in conjunction with urea addition and residue introduction, in speeding up rice 
straw decomposition. The results of study indicated that cellulose, hemicellulose and lignin contents in rice 
residue decreased 17%, 4% and 16% respectively under treatment T12 (application straw incorporated + Urea 
+ Microbial Consortia). The enzymes with the greatest activity on the 30 th day of application (DOA) were 
peroxidase (271.2 µmole/g/h), laccase (705.7 µg/µl/h), and cellulose (0.691 µmole/ml/h) in T12. On the 30 th day, 
the T12’s CO2 emissions peaked at 6.16 mg CO2/g/d, which was still significantly less than the open field burning 
readings. The treatment T12 had the highest rates of decomposition, with pronounced cellulose, hemicellulose, 
and lignin depletions and higher enzyme activities, along with regulated CO₂ emissions. These results highlight 
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the promise of microbial consortia as a green substitute for open-field burning, providing a clean solution to 
management of rice crop residue.The applications of this study reach beyond short-term decomposition gains 
since enhanced microbial action can increase soil fertility and agricultural sustainability in the long term. Future 
studies can investigate the feasibility of scaling these techniques in a variety of field conditions, engineer optimal 
combinations of microbial strains across various soils, and evaluate long-term effects on soil health and crop 
yields. By optimizing these techniques, microbial residue management may emerge as an effective and usable 
solution for sustainable agriculture.

Data availability
The datasets analyzed during the current study available from the corresponding author on reasonable request.
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