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Abstract. Studies on optimizing the best composting conditions using microorganisms producing
enzymes have a long history, yet few studies have emphasized the similarities and differences in the
decomposition mechanisms of different fungi during the same conditions in non-soil environments. The
degradation and transformation of corn straw treated with three different fungi (Trichoderma reesei,
Phanerochaete chrysosporium and Trichoderma harzianum) under 25-day solid-state aerobic composting
was investigated, including total organic carbon (TOC) and C/N ratios, lignocellulose, enzyme activities
and scanning electron microscope (SEM) observation. The present study illustrated that under the same
non-soil environment, T. reesei had the best general degradation and utilization ability among the three
fungi, with a cumulative TOC consumption of 58.5 g-kg™ in 25 days and a cumulative decrease of 5.8 in
C/N. T. reesei and P. chrysosporium were more suitable for further exploration of the mechanism of corn
straw degradation and transformation in soil environment than T. harzianum.

Keywords: total organic carbon, Trichoderma reesei, Phanerochaete chrysosporium, Trichoderma
harzianum, C/N ratio

Introduction

Corn straw is composed of 25-35% cellulose, 20-40% hemicellulose, and 10-25%
lignin (Martinez et al., 2004), which are chemically bonded and entangled to form a
plant cell wall harsh to degrade (Heck et al., 2002; S&nchez, 2009). With vigorous
agricultural activity, a large amount of corn straws is produced annually as relatively
redundant agricultural waste. The Food and Agriculture Organization of the United
Nations (FAQ) estimates that one-third of all food produced is lost or wasted (Hebrok
and Boks, 2017; Salihoglu et al., 2017). Hence reasonable organic waste management
has become a global environmental challenge, especially in developing countries (Guo
et al., 2016; Onwosi et al., 2017). Methods for better use of corn straw have become a
research hotspot. Straw returning has been shown to be an effective means to improve
soil fertility and manage crop residues. However, the decomposition process of straw
residues when directly returned to the field is slow and is affected by soil
microorganisms, enzymes, soil texture, and pH. As a result, several physicals, chemical,
and biological technologies to treat corn straw have been developed to achieve a
beneficial use of this ubiquitous waste product (Guo et al., 2013; Wang et al., 2015; Zou
et al., 2016). Solid-state aerobic composting is regarded as an efficient utilization
method under non-soil environment, which involves the process of degrading and
transforming the straw organic matter through microbial intervention under optimized
physical and chemical conditions. The process consists of both organic matter
mineralization and humification (formation of Humic substances). The final product of
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composting can be used as an organic fertilizer and soil improver (Maeda et al., 2010;
Jurado et al., 2015).

Fungi are the predominant micro-organisms that degrade lignocellulose, and the
efficiency and rate of fungal degradation of corn straw is generally much higher than
that of bacteria. In the common ecological concept, the selection of organisms that
increases the intrinsic growth rate is called r-selection; the selection of organisms that
Is conducive to the increase of competitiveness is called K-selection (Pianka, 1970;
Blagodatskaya et al., 2007). K-strategists can degrade complex insoluble organic
substances due to the diversity of metabolic pathways, providing the minimal
substrate flux necessary for slow growth. In the soil environment, fungi that are K-
strategic microorganisms mainly decompose refractory organic matter, while bacteria
that are r-strategic microorganisms prefer to use active organic matter (Dorodnikov et
al., 2009; Grover et al., 2015). Fungi are also more susceptible to decomposition and
therefore contribute more to soil organic matter. The mechanism of fungal degradation
of lignocellulose is mainly due to two mechanisms: (i) production of extracellular
enzymes by the fungi, and (ii) mechanical perforation of the straw by the fungal
hyphae which facilitate the decomposition. Studying the use of fungi in corn straw can
achieve maximum utilization benefits and value. Trichoderma is a genus that secretes
and forms cellulase systems that researchers know best so far (Vijai et al., 2014).
Trichoderma reesei (T. reesei) has been investigated in the degradation of cellulose
from renewable substrates such as spruce, bagasse, waste paper, cow dung, and
willow (Shin et al., 2000; Sgrensen et al., 2014; Sukumarana et al., 2009; Wen et al.,
2005). Tangnu et al. (1981) did not find changes of cellulase yield and final yield of T.
reesei in the pH range of 4-6. Xia and Cen (1999), Latifian et al. (2007) also reported
similar phenomena about T. reesei MCG77. But for filamentous fungi, the optimal pH
of exoglucanase and B - glucosidase is 5-6 (Prasetyo et al., 2009). Li et al. (2013)
found that 5.0 was the best pH of T. reesei for hyphal branching and cellulase
production. Nazanin et al. (2018) found that the enzyme activity of T. reesei was the
highest at 30 °C. Trichoderma harzianum (T. harzianum) is also the most widely used
fungus of the genus Trichoderma. The optimal growth temperature of T. harzianum
proposed by Zhang and Yang (2015) is 30 °C. Compared with T. reesei, some T.
harzianum strains produced a cellulolytic complex with higher B-glucosidase and
endoglucanases activities, and the xylanase activity of some T. harzianum strains was
higher than T. reesei. However, the efficiency of simultaneous cellulose and
hemicellulose hydrolysis by the secretome of T. harzianum was still low (Hu et al.,
2014; Zhao et al., 2016). Castro et al. (2010) reported endoglucanase and cellulase
activities and demonstrated that cellulose degradation occurred within 72 h under 30
°C when bagasse was pre-treated with T. harzianum 10C-3844. Paz et al. (2018)
observed that T. harzianum EMO0925 growing on corn stalk had high content of
lignocellulosic enzymes and high capacity of producing enzymes without any
additives. Zhang et al. (2020b) found that the cellulase activity and xylanase activity
of T. harzianum had the highest relative activities at pH =5. Phanerochaete
chrysosporium (P. chrysosporium) is a fungal species capable of degrading lignin by
excreting extracellular oxidases such as lignin peroxidase (LiP), manganese
peroxidase (MnP), and lactase (Lac) (Law et al., 2003; Tamagawa et al., 2005; Bak et
al., 2009; Lin et al., 2015). Rodriguez et al. (2012) used outside and inside corn cob to
study ligninolytic enzymes produced by P. chrysosporium ATCC 24725 during solid
state fermentation conditions (pH 4.5-5) and achieved a maximum MnP activity of 96
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U-LL It was the optimum value for the growth of oxidin peroxidase by P.
chrysosporium when the pH was 4.5-5 (Aksu and Donmez, 2003; Cetin and Donmez,
2006; Liu et al., 2015). Zhang et al. (2019a) showed that the metabolism of P.
chrysosporium was more effectively promoted at 30 °C.

Studies on optimizing the best composting conditions using pure microbial
producing enzymes have a long history, but few studies have emphasized the
similarities and differences in the decomposition mechanisms of different fungi during
the same condition in non-soil environments. This work reports choosing T. reesei, P.
chrysosporium, and T. harzianum to determine the similarities and differences in the
decomposition mechanism of corn straw in non-soil environments. Through the
background investigation of three kinds of fungi, we found and chose the common best
condition (pH =5, temp = 30 °C) to compare the degradation differences of three kinds
of fungi on corn straw. It promotes the further screening of strains that can effectively
transform corn straw and provides a theoretical basis for future applications in the soil
environment.

Materials and methods
Site description and corn straw sampling

The sampling site of corn straw (N43°48'43.5", E125°23'38.50") presented by maize
cropland located in Jilin Agricultural University, Nanguan District, Changchun City,
Jilin Province, China. The area is in a temperate continental semi-humid region and
receives a mean annual rainfall of 618 mm, a mean annual relative air humidity of 68%,
and an average annual temperature of 5.1 °C. The highest average temperature of
23.1 °C occurs in July and August, while the lowest average temperature of -10.6 °C
occurs in November and December. Black soils (Chinese Soil taxonomy) is the main
soil in the region and is classified as Argiudolls by the United States Department of
Agricultural Soil Taxonomy (Soil Survey Staff, 2014).

The corn cultivar Zhongjin 368 type (Beijing Golden Grain Seed Co., Ltd.), was
planted at the end of April 2016 and harvested in early October. The basic properties of
the corn straw are shown in Table 1. After the harvest, the whole corn straw was
naturally dried and cut into 0.5 cm segments.

Table 1. Basic properties of corn straw

Organic Total organic Total nitrogen Total TOU?II .
material carbon (9.kg™) phosphorus potassium | C/N ratio (mol)
(9-kg?) (9-kg?) (9-kg?)
Corn straw 376.4 7.22 7.7 4.5 60.8

Preparation of microorganisms and microbiological liquid

Three fungal strains used in this study: T. reesei MCG77, P. chrysosporium ATCC
24725 were purchased from the American Type Culture Collection (ATCC). The T.
harzianum was isolated and purified from fresh soil at the Jilin Agricultural
University experimental field after one year of straw returning (Provided by The
Microbial laboratory of Environment and Resource Department, Jilin Agricultural
University).

APPLIED ECOLOGY AND ENVIRONMENTAL RESEARCH 20(4):3551-3568.
http://www.aloki.hu e ISSN 1589 1623 (Print) ¢ ISSN 1785 0037 (Online)
DOI: http://dx.doi.org/10.15666/aeer/2004_35513568
© 2022, ALOKI Kft., Budapest, Hungary



Zhang et al.: Degradation mechanism of corn straw by different fungi
- 3554 -

The three strains of fungi were placed in a solid bevel tube containing 30 ml of
potato dextrose agar (PDA). The solid bevel tube was incubated at 28 °C for 72 h to
obtain mature microbial spores (mycelium). The method for preparing a spore solution
was given the same as Zhang et al. (2020a). The concentration was calculated through
a haemocytometer and diluted to a final concentration of 1x10” CFU mL™. The spore
suspension was transferred to a liquid medium considering a ratio of 1:10. The culture
was incubated at 30 °C and 100 rpm for six days. PDA medium: potato (peeled,
200 g-L™) boiled for 30 min and filtered; glucose: 20 g-L™*; agar: 20 g-L*. Liquid
medium: potato (peeled, 200 g-L™?) boiled for 30 min and filtered; glucose: 20 g-L ™.

Solid-state fermentation

This fermentation was conducted in a BIOTECH-30SS solid fermentation tank
(Shanghai Baoxing Biological Engineering Equipment Co., Ltd). This tank has a
volume of 30 L, a sterilizing function, automatic stirring, controlled humidity and
temperature, and air intake. A KQ-C type automatic steam generator (Shanghai
Fengxian Xiexinji Power Plant) was used to generate steam for sterilization.

Prior to the fermentation, 1.5 kg of corn straw powder (segments size = 0.5 cm) was
sterilized in the solid fermenter. The sterilization was conditioned at 121 °C for 25 min.
After the sterilization, the microbial liquid containing the spore mycelia (0.6 L) and the
mineral salt solution (3.75 L) were mixed. The fermentation was set at 30 °C, 60%
humidity and 6.0 rpm.

Corn straw was inoculated with: (i) Phanerochaete chrysosporium (P.
chrysosporium), (ii) Trichoderma harzianum (T. harzianum), (iii) Trichoderma reesei
(T. reesei), and (iv) un-inoculated corn straw (CK). The CK treatment was prepared
without microbial inoculation on corn straw and designated as a control.

The mineral salt solution contained at a final pH of 5 was prepared by adding: urea
4.2 g-Lt, ammonium sulfate 19.6 g-L?, calcium chloride 0.028 g-L*, potassium
dihydrogen phosphate 28 g-L™, magnesium sulfate 4.2 g-L%, ferrous sulfate 0.07 g-L*,
manganese sulfate 0.021 g-L, zinc sulfate 0.019 g-L, cobalt chloride 4.2 g-L™, and
yeast extract 7 g-L ™.

Sample collection

The samples were homogenously mixed before the fermentation process. The
experiment was performed in triplicates: 3 samples per treatment were collected from
the fermenter from three random positions every day. At each sampling, the straw and
the liquid were uniformly mixed. The monitoring lasted for 25 days with the samples
analysed separately. The fermentation process was performed under the same
experimental condition for each treatment.

Analytical methods
Scanning electron microscope observation

A small amount of straw residues sample was taken and fixed on the sample stage
with conductive double-sided tape, and gold plating was performed under vacuumed
conditions. After forming a conductive film on the surface of the material, the samples
of corn straw residues were observed by scanning electron microscope (SEM,
SHIMADZU S-550, operating voltage: 15 kV).
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Measuring residual rates of corn straw

To determine the water content of straw fermentation products, an empty aluminium
box was placed in Oven at 105 °C for 30 min. After cooling, the mass of the empty box
was recorded. Three parallel samples were then weighed from the mixture up to 5g
each (~0.01 g). The sample was added to the aluminium box and the combined weight
was recorded. The aluminium box with the sample was then placed in an oven at 85 °C.
The mixture was placed in a desiccator, cooled for 20 min, and weighed again. The
straw residual rate (n%) was calculated as follows:

Mnary): Mass of the sample and the aluminium box after drying (g) during the nth day.

Mn(box): Mass of aluminium box (g) during the nth day.

The dry weight of the nth day was measured and recorded as Rn:

Rn = mn(dry) -m, (box) (qu)
The straw residual rate of the nth day was measured and recorded as n%:
n% =R, /R, x100% (Eq.2)

TOC (total organic carbon) content and C/N ratios of corn straw residues

Weighed 0.25 g of dried (55 °C for 6 h) and fine ground corn straw sieved at
0.25 mm. The TOC content was determined using the potassium dichromate volumetric
method (Lu, 2000).

The elemental composition of the residue of the straw after solid-state fermentation
was analysed using an Elemental Vario EL Il elemental analyser from Germany in the
C/H/N mode. The contents of C, and N elements were measured. The C/N ratio was
calculated based on the result of element composition as follows:

C/N=C(g-kg™)/N(g-kg™) (Eq.3)

Determination of lignin and cellulose in corn straw

The determination of straw cellulose and lignin content was based on Sluiter’s
work (Sluiter et al., 2008). Exactly, 0.3 g sample was digested with 3 mL of 72%
H>SO4 and heated at 30 °C for 1 h. The mixture was then transferred to a 500 mL
reagent bottle, and 84 mL of deionized water was added. The mixture was then
sterilized in an autoclave at 121 °C for 1 h. The solution was filtered using vacuum
filtration and the residue weight and glucose content were measured. The cellulose
and lignin contents were calculated using the formula described by Anuradha and
Valli (2011).

Determination of enzyme activity

Determination of cellulase activity: a Whatman filter paper (6 x 1 cm) was folded
and put into the bottom of a sterile test tube, added into which 1 mL of citrate buffer
(pH =4.8). 0.5 mL diluted spore suspension was then added following five different
concentrations: 0.04, 0.05, 0.057, 0.1, 0.2 g-mL™. After 60 min at 50 °C, added 3 mL of
3,5-dinitrosalicylic acid (DNS), added, thereafter, the mixture was heated in a boiling
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water bath for 5 min, then cooled immediately. 200 pL of the above solutions were
diluted afterwards with 2.5 mL deionized (DI) water. Absorbance was measured on a
visible spectrophotometer (SP-722E) at OD540, and the glucose content was calculated
according to the NREL method (Sluiter et al., 2008). The ratio of 0.37 corresponding to
the enzyme concentration, releasing 2 mg glucose, is defined as the cellulase activity
(Ghose et al., 1987).

Determination of xylanase activity: 1.0 g of xylan (Production company is Sigma,
level is AR) was dissolved into 80 mL of 50 mM citrate buffer (pH = 4.8), balanced at
60 °C water bath for 1 h, then transferred to another water bath at 100 °C until boiling.
The mixture was homogenized using magnetic stirrer during the cooling process. The
solution was left overnight and then refilled with citrate buffer (pH = 4.8) to 100 mL to
prepare xylan stock with concentration 10 mg-mL™. Stored it at 4 °C up to one week.
After a week, 1.8 mL of the stocked xylan and 200 pL of fermented sample solution
was diluted to 1:10 with deionized water, where pipettes into 15 mL test tube, and then
placed in a water bath at 50 °C for 5 min. Exactly, 3.0 mL of DNS reagent was added
into the test tube, boiled for another 5 min, and then cooled immediately. Absorbance
was measured at OD540. The amount of enzyme to produce 1.0 pmol xylose per minute
was defined as a unit of xylanase activity (Bailey et al., 1992).

The B-glucosidase activity was measured by cellobiose method. 200 puL fermented
sample solution was diluted to 1:200 with citrate buffer (pH = 4.8). 1.0 mL of the above
solution and 1.0 mL of 15 mmol-L* cellobiose were pipette into a sterile centrifuge
tube, then placed in a water bath at 50 °C for 30 min, and then transferred to 100 °C
water bath for 5 min. The tube was then removed and cooled. The mixed solution was
used to measure glucose content with a glucose kit (Huili Biotech, China). Another
1.0 mL of the diluted sample solution and added 1.0 mL of citrate buffer into a sterile
centrifuge tube as an enzyme blank. The ratio of the corresponding enzyme
concentration to 0.0926 when the glucose content in the sample is 1 mg-mlt was
defined as the glucosidase activity. For details, see the previous report (Anuradha and
Valli, 2011).

Determination of the total fungal content

The fungal quantity was measured on the samples at 0 d, 5 d, 10 d, 15 d, 20 d,
and 25 d after the start of the culture in each group. Weigh 10 g of each sample to be
tested and put it in 90 mL of sterile water. After shaking and culturing for 20 min,
shake thoroughly for 15-20 min, leave it for 30 min, and separate the suspension into
layers. The dilution coating plate counting method was based on Pitt and Hocking
(2009). Total fungal counts were expressed as colony forming units per gram
(CFU g™).

Data processing

Microsoft Office Excel 2017 was used for data analysis and processing. Mean values
and standard deviations of triplicate measurements were reported in this study.
Significant differences among treatment means were evaluated using the least
significant difference test with TUKEYs adjustment at P <0.05. The SPSS 19 for
Windows® software (IBM Corp., Armonk, NY, USA) was used for all statistical
analysis. The figures were drawn using the Origin 2019b software.
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Results

Scanning electron microscope (SEM) observation of the corn straw after different
treatments

Figure 1 shows the Scanning Electron Microscopy results of corn straw residues of
different treatments in solid-state aerobic composting for 25 days (O: Original corn
straw; A: CK; B: T. reesei; C: T. harzianum; D: P. chrysosporium). The surface of
untreated corn straw was smooth and free of fungi (Fig. 10). In SEM observation of the
treated corn straw residue, due to the invasion of fungi, the original structure on the
surface of the corn straw was destroyed in a large area, and many cracks appeared.
These filamentous fungi mechanically attacked and swelled corn straw, invaded the
interior through narrow cracks, and eventually decomposed the straw. Fungi can be
distributed in communities to participate in decomposition. CK (Fig. 1A) treatment still
maintained the original shape of the straw, and no obvious mechanical damage was
observed. The corn straw treated by T. reesei (Fig. 1B) was severely damaged both in
internal and external; T. harzianum (Fig. 1C) damaged the surface of the corn straw to a
certain extent, but the erosion of the internal structure is not apparent; P. chrysosporium
(Fig. 1D) penetrated the external pores of corn straw and destroyed its internal structure.

Figure 1. Electron microscopy results of corn straw residues under different treatments in a
solid-state aerobic composting for 25 days. The treatments represented by the capital letters in
the figure are as follows: O: Original corn straw; A: CK, B: T. reesei; C: T. harzianum; D: P.

chrysosporium

Dynamic changes of residual rates

The residual rate of the straw residues gradually decreased with fermentation time
regardless of treatments (Fig. 2). The most significant reduction in water was noted for
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the T. reesei treatment on 16-20 d, with an average reduction of 1.66% per day and
residual rate of 78.6 + 0.77% at 25 d (Fig. 2). The P. chrysosporium and T. harzianum
were completely fermented by 13-16 d in which a significant decrease was observed by
respectively 1.31% and 1.16% per day. CK treatment decreased slowly throughout the
entire culture process, with an average reduction of 0.31% per day. At the end of the
fermentation, the total weight loss of straw under the four treatments can be ordered as
the following: T. reesei > P. chrysosporium > T. harzianum > CK (Fig. 2). The straw
residue rates were respectively 78.6 +0.8%, 84.6+0.8%, 86.1+1.7%, and
92.2 + 1.2%. (Notes: Number of technical replications is three.)
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Figure 2. The corn straw residual rates of different treatments over time under solid-state
aerobic composting. Results are means + SD (n = 3) on every single time-point

Changes of total organic carbon and C/N ratios in corn straw residues

TOC and C/N ratio are essential indicators to characterize the degradation and
transformation of corn straw (Bernal et al., 1998; Bertoldi et al., 1983). Through
Figure 3 we can observe the degradation and transformation of corn straw by different
treatments during the 0-25 days. According to the statistics of the TOC distribution of
different treatments, it showed that TOC of CK treatment was almost unchanged,
always concentrated at 370 g-kg*; TOC of T. reesei treatment in 5-25 days were all
lower than 350 g-kg; T. harzianum and P. chrysosporium treatments had similar
distributions, with TOC concentrated between 340 g-kg™ and 370 g-kg™, respectively.
According to the statistics of the distribution of C/N ratios of different treatments, it
showed that the distribution of CK treatment was concentrated at 24-26, with a little
change. The C/N ratios of T. reesei after 10 d were all lower than 22; and the C/N ratio
of P. chrysosporium treatment had a more significant decline than T. harzianum. The
TOC and C/N ratios of the corn straw under the three fungal treatments gradually
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decreased with the duration in fermentation time. The T. reesei had the best ability to
reduce TOC and C/N in the four treatments. While, P. chrysosporium showed a stronger
ability to degrade corn straw TOC than T. harzianum.
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Figure 3. The TOC contents and C/N ratios of corn straw treated by different treatments over
the course of the solid-state aerobic composting. The upper histogram shows the data amounts
of different treatments in different TOC content ranges. The histogram on the right shows the
data amounts of different treatments in different C/N ratios ranges

Cumulative degradation rates of cellulose and lignin

The cumulative degradation rates of cellulose and lignin of corn straw treated by
different fungi are shown in Figure 4. The degradation of CK treatment was far poorer
than that of the other three fungal treatments in 25 days, and its cellulose degradation
was less than 5% with nearly no lignin degradation. In the treatments inoculated with
fungi: The T. reesei’s cellulose showed the best degradation ability, and the cumulative
degradation reached 70.28%; T. harzianum’s ability to degrade cellulose and lignin was
at a medium level among the three fungi treatments; Lastly, the P. chrysosporium had
the best lignin degradation ability, which can total 66.75%.
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Figure 4. The changes in the cumulative degradation rates of cellulose and lignin under
different treatments. Results are means + SD (n = 3) on every single time-point of each
treatment. A: CK; B: T. reesei; C: T. harzianum; D: P. chrysosporium

Enzyme activity

Cellulase, xylanase, and PB-glucosidase, which were produced by T. reesei, P.
chrysosporium and T. harzianum during fermentation of corn straw are shown in
Figure 5. Throughout the composting process the cellulase and B-glucosidase activities
of T. reesei were much higher than those of P. chrysosporium and T. harzianum.
However, the xylanase activity of T. reesei was just slightly higher than P.
chrysosporium and T. harzianum.

The peak values under T. reesei of cellulase, xylanase, and B-glucosidase activities
were respectively, 8.45 FPU-mL™, 0.61 IU-mL™, and 80.3 IU-mL™. The peak values
under of cellulase, xylanase, and pB-glucosidase activities were 6.12 FPU-mL™,
0.68 IU-mL?, and 71.3 1U-mL™, respectively. The peak values under T. harzianum of

cellulase, xylanase, and B-glucosidase activities were 5.15 FPU-mL™, 0.54 IU-mL™, and
68.5 IU-mL™?, respectively.

Total fungal content

Figure 6 records the changes in the total fungal contents under different treatments
during the 25-day solid-state aerobic composting. The fungal contents of T. reesei and
T. harzianum before the 15th day was higher than that of P. chrysosporium. Among the
treatments, T. reesei treatment peaked at 32.4 +2.1 CFU-g* on the 5" day, and T.
harzianum treatment peaked on the 10th day 27.2 + 2.1 CFU-g*. At the 15" day, the P.
chrysosporium reached a peak of 24.3+1.3 CFU-g?, and exceeded the other two
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treatments at the same time. In the whole process, the total fungal contents of T.
harzianum were always lower than that of T. reesei (Fig. 6).
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Figure 5. The activity changes of enzymes at different fermentation time. (a: cellulase; b:
xylanase; c: f-glucosidase). Error bars represent the standard deviations of the mean (n = 3).
Different lowercase letters mean significant differences (P < 0.05) among different treatments
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Figure 6. Total fungal counts of different time during 25-day solid-state aerobic composting.
Error bars represent the standard deviations of the mean (n = 3). Different lowercase letters
mean significant differences (P < 0.05) among different treatments at the same time

Discussion

In the early stages of cultivation, corn straw degradation rate was fast which is due to
the expansion and growth of fungi’s population (Fig. 6), and the subsequent increase of
enzyme-producing content (Fig. 5), and the area of the matrix. As the substrates
accumulate, the gap between the straws becomes smaller, the carbon source and
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ventilation gradually decrease, which inhibits the growth (Fig. 6) of the strain to some
extent. The decomposition rate of T. reesei increased quickly in the first 16 days, which
may be due to the ability of T. reesei to destroy the substrate and multiply more
effectively than the other two fungi, and the total fungal contents at 20-25 d were also
the highest among the three treatments (Fig. 6). The results of the damage degree of
corn straw by the four treatments observed by SEM (Fig. 1) were consistent with the
results of residual rate (Fig. 2).

Generally, an initial carbon-to-nitrogen ratio of 25 to 30 is considered to be the best
ratio for aerobic composting (Kumar et al., 2010; Silva et al., 2014). In this study, we
adjusted the initial matrix C/N ratio to 25.8 by adding an exogenous N-containing
mineral culture solution. Wu et al. (2017b) reported that an initial C/N ratio of 25 is
favorable for the formation of high-quality and low-toxic compost. The C/N ratio of the
three fungal treatments decreased significantly compared to the CK treatment (Fig. 3).
This indicates that fungi utilized carbon as a source of energy, and it further proved that
adding NHs + - N and NOz - N to the compost can supplement the depleted N source,
stimulate the activity of microorganisms in time, and promote decomposition and
transformation to form HS (Humic substances) precursor process (Wu et al., 2017a).
The T. reesei treatment had the most obvious significant decrease in the C/N ratio
during the whole composting process (Fig. 3), which is due to its nitrogen
mineralization rate being lower than the carbon mineralization rate. The decomposition
and utilization of TOC by T. reesei were much higher than the other two fungi. The
degradation rate of organic carbon in corn straw during the fermentation process
showed a tendency to first increase and then decrease. This may be related to the growth
status of fungi (Fig. 6). Fungal microorganisms can to grow rapidly with straw as a
carbon source in the early stages. During the late stages of fermentation, with the carbon
source availability decreasing, the microbial enzyme activities gradually decrease, and
the decomposition is slowed (Jiang et al., 2015). Notably, carbon sources play a crucial
role in the production of enzymes since carbohydrates and their derivatives generate
most cellulolytic enzymes (Adav et al., 2012). Among all treatments, the T. reesei was
more effective in utilizing the carbon source in the straw, indicating that T. reesei can
produce a large amount of degradable corn straw enzyme in the aerobic composting
process (Fig. 5).

Lignin is the most challenging component to degrade and transform in corn straw.
Under the same culture conditions in the present study, the degree of utilization of
lignin components in corn straw by P. chrysosporium was much higher than that of the
other two fungi (Fig. 4). This indicated that P. chrysosporium was more conducive in
degrading lignin in corn straw residues. Several other studies have shown that
inoculation of P. chrysosporium in mixed compost of sludge, straw and bran effectively
promoted biodegradation of lignocellulose and encouraged the formation of HA (humic
acid) (Zhang et al., 2018). Even so, the TOC content of P. chrysosporium treatment
remained higher than that of T. reesei treatment at the end of the culture process. This
indicated that during mineralization and decomposition of lignin components by P.
chrysosporium corn straw derived-C was not entirely converted into CO, and moisture.
Rather, other C sources (non-lignin) were synthesized or left undecomposed. These C
sources may be lignin monomers, or other pure compounds (HS precursors) may have
been synthesized by P. chrysosporium. Relevant studies have shown that P.
chrysosporium can first crack the lignin and the C—O bond connected to the aromatic
ring, split it into lignin monomer or small molecules of lignin (Wang et al., 2015). In the
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theory of lignin (Stevenson, 1994), it has been described that HS is synthesized from
compounds derived from lignin, which is the raw material and skeleton of HS
precursors (Campitelli and Ceppi, 2008; Kulikowska, 2016). This may be the reason
why TOC content of P. chrysosporium was still high at the end of composting, even
though xylanase activity was high and the lignin content was low.

Among the three enzyme activities measured in this study (Fig. 5), the cellulase
activity and pB-glucosidase enzyme activity of T. reesei were the highest among all the
treatments. When Lee et al. (2011) fermented 1:1 mixed bagasse and palm mash with T.
reesei, they observed that the cellulase activity reached its highest level in 5 days.
Similarly, Mekala et al. (2008) used bagasse as a substrate for T. reesei in the solid-state
fermentation, and found that the cellulase activity peaked at 72 h. Furthermore, Zhao et
al. (2011) used water hyacinth as a substrate for fermentation, and reported that the
cellulase activity increased four-fold after 7 days of fermentation by T. reesei. From
previous published research, it appears that cellulase activity reached the highest
between 3 to 5 days. Our work also supports these results, and implies that T. reesei
may adapt quickly into a new environment at the early stages. Although the cumulative
degradation rates of lignin by T. harzianum was lower than the other two fungi in the
early stages of fermentation (Fig. 4C), T. harzianum still had strong degradation ability
of cellulose (Fig. 4C). In other studies, it was found that T. harzianum can use domestic
sewage as a substrate to produce cellulase (Libardi et al., 2017). Similarly, Rocha et al.
(2013) found that under optimal conditions, the cellulase and B-glucosidase activities of
T. harzianum 10C-3844 reached the highest after 42 h. While both Trichoderma were
more inclined to degrade cellulose, the xylanase activity of T. reesei was higher than
that of T. harzianum (Fig. 5). Hu et al. (2014) and Zhao et al. (2016) had the similar
results.

Even though the results of our study showed that the general degradation and
utilization of T. reesei was the best among the three fungi. But, did T. reesei mineralize
corn straw into simple compounds during the composting process? Does it synthesize
substances such as HS? Although not tested in the present, previous related studies have
shown that T. reesei can produce more HA in 8 days (Yang et al., 2019) and increase
the relative HAL (humic acid -like) content in solid-state fermentation (Yang et al.,
2019; Zhang et al., 2019b). It can be found from the results of this study that the
decrease in TOC content under T. reesei at the first 0-10 d was much higher than that in
the 10-25 d, and the C/N in 10-25 d also had a slower decline (Fig. 3). The reasons for
this phenomenon are: on one hand, due to the slower growth and degradation of the C
source itself, and the other important reason is that during the cultivation process, some
fungal metabolites and fungal residues remain as N sources. In the culture substrate, the
circulating input of the N source was maintained for the living fungi to use (Bernal et
al., 2009; Jiang et al., 2015), thereby decreasing C/N ratio. Therefore, the residues
produced by the fungi using corn straw have a potential for improving soil fertility and
could be used as a soil conditioner.

Conclusion

Under the same non-soil environment and culture conditions, T. reesei and T.
harzianum still maintained their preference for cellulose degradation and utilization, and
the ability of P. chrysosporium to degrade lignin was more substantial. T. reesei had the
best general degradation and utilization ability among the three fungi, with a cumulative
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TOC consumption of 58.5 g-kg™ in 25 days and a cumulative decrease of 5.8 in C/N. In
summary, we can infer that the comprehensive treatment capacity of fungi in corn straw
is: T. reesei >P. chrysosporium>T. harzianum > CK. Indeed, T. reesei and P.
chrysosporium were more conducive to the decomposition of corn straw than T.
harzianum. The T. reesei and P. chrysosporium are more suitable for further exploration
of the mechanism of corn straw degradation and transformation in soil environment.
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