
Bioresource Technology 331 (2021) 125049

Available online 24 March 2021
0960-8524/© 2021 Elsevier Ltd. All rights reserved.

Isolation of a novel psychrotrophic fungus for efficient 
low-temperature composting 
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H I G H L I G H T S  

• A novel psychrophilic fungus Aureobasidium was screened and used in low temperature composting. 
• This psychrophilic fungus accelerated temperature rises at early stage of composting. 
• This psychrophilic fungus increased the compost maturity and improved compost quality.  
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A B S T R A C T   

This study aimed to isolate psychrotrophic cellulose-degrading fungi and to investigate their application po-
tential for composting in cold climate regions in China. One out of five psychrotrophic cellulose-degrading fungal 
isolates was identified as a novel fungal species, Aureobasidium paleasum sp. nov., with a strong straw degradation 
potential. Enzyme activity assays and FITR spectroscopy revealed high cellulolytic activities of this psychro-
trophic fungus at lower temperatures, with high thermal adaptability from 5 ◦C to 50 ◦C (optimum at 10 ◦C). 
A. paleasum efficiently decomposed rice straws and cellulose at 10 ◦C compared to the common cellulose- 
degrading fungus Penicillium oxalicum. In comparison to P. oxalicum, A. paleasum shortened the thermophilic 
stage, enhanced compost maturity and improved compost quality. Our work suggests that the psychrotrophic 
fungus A. paleasum is efficient for rice straw degradation and composting at low temperatures, highlighting its 
application potential for composting in colder regions.  

Abbreviations: DNA, deoxyribonucleic acid; FTIR, fourier transform infrared spectroscopy; SEM, scanning electron microscopy; AUC, area under growth curve; 
RDR, relative degradation rate; CMC, carboxymethylcellulose; FPase, fitter paper enzyme; AGL, α-glucosidase; EGL, endo-1,4-β-D-glucanohydrolase; CBH, cello-
biohydrolase; BGL, β-D-Glucosidase; NAG, acetyl glucosaminidase; BX, β-xylosidase; PO, phenoloxidase; POD, peroxidase; LAP, leucine aminopeptidase; Ph, phos-
phatase; EC, electric conductivity; TC, total carbon; TN, total nitrogen; C/N, ratio of carbon and nitrogen; AP, available phosphorus; AK, available potassium; NH4

+-N, 
ammonium nitrogen; NO3

− -N, nitrate nitrogen; NH4
+-N/NO3

− -N, ratio of ammonium nitrogen/nitrate nitrogen; PCA, principal component analysis; RDA, redundancy 
analysis. 
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1. Introduction 

Crop straw waste has become a major environmental problem in 
many developing and developed countries (Jiang et al., 2019), partic-
ularly in China (Jia et al., 2018). Aerobic composting is a sustainable 
approach for managing and recycling crop straw waste and for adding 
humic substances to the soil to improve fertility and nutrient availability 
for plant growth (de Bertoldi et al., 1983; Ren et al., 2019). Composting 
is a self-heating biodegradation process, relying on metabolic reactions 
and many enzymes produced by microbes (Shi et al., 2020; Zhao et al., 
2020). The process of composting comprises various phases, including 
heating, thermophilicity, cooling and maturity (Wu et al., 2019). During 
the initial heating stage, crop straw contains essential nutrients for mi-
crobial metabolism, which makes the temperature of the compost rise 
rapidly (Zhang et al., 2020). The high temperature (>55 ◦C) in the 
thermophilic phase kills pathogens, degrades phytotoxic components, 
and changes heavy metal forms (Hao et al., 2019; Luo et al., 2018). 
However, the composting process is affected by microenvironments and 
is particularly limited by the ambient temperature (Zhang et al., 2015). 

The ambient temperature declines to a low level during late fall and 
spring in temperate and cold regions. A low ambient temperature is a 
challenge to aerobic composting, as it limits microbial activities in piles 
below the range of 10 ◦C to 20 ◦C (Zhang et al., 2015). Therefore, the 
initial heating phase of composting is significantly suppressed by low 
temperatures, resulting in reduced compost maturity or failure (Yao 
et al., 2020). Heating methods, such as the application of biogas and 
artificial heating, have been developed to enhance microbial activity 
and increase the temperature of compost under cold conditions (Xie 
et al., 2017; Xu et al., 2010). Nevertheless, these methods are costly and 
energy-expensive, limiting their potential applications in practical 
composting (Sun et al., 2017; Xie et al., 2017). Therefore, it is necessary 
to find an alternative and effective strategy suitable for low-temperature 
composting in cold regions. 

The inoculation of psychrotrophic microbes has been used to accel-
erate the composting process under low ambient temperatures (Wang 
et al., 2014; Gou et al., 2017; Xie et al., 2017; Abdellah et al., 2021). 
Psychrotrophic microbes are highly adaptive to low temperatures and 
can maintain high activity in producing cold-active cellulases, including 
α-glucosidase and β-xylosidase, during the composting process (Sun 
et al., 2017; Xie et al., 2017). However, a majority of psychrotrophic 
microbial inocula are psychrotrophic bacteria (Hou et al., 2017; Wang 
et al., 2014). Many straw-degrading fungi, such as Trichoderma reesei 
(Bischof et al., 2016), Phanerochaete chrysosporium (Zeng et al., 2010) , 
Aspergillus fumigatus Z-5 (Miao et al., 2019), and Penicillium oxalicum GZ- 
2 (Liao et al., 2014), have been well investigated and applied in straw 
waste composting. However, only a few of these strains are psychro-
trophic straw-degrading fungi (Abdellah et al., 2021). Thus, the isola-
tion and practical application of psychrotrophic straw-degrading fungi is 
urgently needed and of high interest for low-temperature composting in 
cold regions. 

In this study, we aimed to screen psychrotrophic fungi that can 
efficiently degrade cellulose and improve straw composting at low 
temperatures. To achieve this goal, we compared the straw degradation 
and cellulase activities of five fungal isolates from low-temperature 
domestication and identified the most psychrotrophic cellulose- 
degrading strain by DNA barcoding of 5 fungal markers. We further 
performed cellulase assays in combination with Fourier transform 
infrared spectroscopy (FTIR) and scanning electron microscopy (SEM) to 
investigate the potential for rice straw degradation by the selected 
psychrotrophic fungus at different temperatures. Then, we assessed the 
application potential of these psychrotrophic fungi in composting by 
comparing the maturity and quality of chicken manure rice straw 
composted with the mesophilic cellulose-degrading fungus P. oxalicum 
at a low temperature. 

2. Materials and methods 

2.1. Isolation and identification of psychrotrophic cellulolytic fungi 

2.1.1. Psychrotrophic fungal isolation 
Compost samples of chicken manure rice straw were collected from a 

composting plant in Weifang, Shandong, China. Approximately 10 g of 
compost sample was mixed in 90 mL sterile water at 170 rpm for 30 min. 
Then, 10 mL of that mixture was transferred into 90 mL basal medium 
(0.2 g MgSO4⋅7H2O, 1 g KH2O4, 1.3 g K2HPO4⋅2H2O, 1 g NH4NO3, 50 mg 
FeSO4⋅⋅7H2O, 20 mg CaCl2 in 1000 mL water) supplemented with 10 g 
rice straw and successively sub-cultivated and enriched 5 times at 170 
rpm for 7 days at 10 ◦C. After enrichment, 10-fold dilutions of super-
natant were spread on carboxymethylcellulose (CMC)-Congo red plates 
(basal medium supplemented with 10 g CMC and 20 g agar) and incu-
bated at 10 ◦C until the appearance of a halo zone. Fungal colonies with 
large halo zones were picked and purified to isolate psychrotrophic 
cellulolytic fungi. The fungal isolate showing the largest hydrolysis halo 
zone on the CMC Congo red plate and the highest ability to degrade filter 
paper and rice straw was selected as the psychrotrophic cellulose- 
degrading fungus for subsequent experiments. 

2.1.2. DNA-barcoding for taxonomic identification 
The taxonomic identification of the psychrotrophic cellulose- 

degrading fungi was determined by the DNA-barcoding approach with 
five markers (Liu et al., 1999; O’Donnell et al., 1998), i.e., internal 
transcribed spacer (ITS1 and 2 rRNA), the RNA polymerase II subunit B 
gene (rpb2), the translation elongation factor 1-alpha gene (tef1), the 
tubulin beta chain gene (β-tubulin) and the actin gene (act). Primer pairs 
of these five markers and their amplicon lengths are listed in Table 1. 
Phylogenetic analysis of five markers was performed in IQ-TREE using 
maximum likelihood method analysis with 1,000 bootstraps (Nguyen 
et al., 2015). 

2.2. Determination of thermal adaptability, straw degradation and 
cellulase activities 

2.2.1. Growth kinetics 
To investigate the fungal growth kinetics of the psychrotrophic 

fungus at different temperatures, 0.1 mL of 107 conidia mL− 1 fungal 
suspension was inoculated on potato dextrose agar plates (200 g mashed 
potato, 20 g dextrose and 15 g agar with 1000 mL of water) and incu-
bated at 5 ◦C, 10 ◦C, 20 ◦C and 30 ◦C. The diameter of the fungal colonies 
was monitored every 12 h post inoculation. Each condition was repeated 
three times. The area under the growth curve (AUC) was estimated by 
the grofit function in R (Kahm et al., 2010). 

2.2.2. Straw degradation 
To examine the straw degradation ability of the selected psychro-

trophic fungus at different temperatures, 5 mL of 107 conidia mL− 1 

fungal suspension was inoculated in 75 mL of mineral salt medium (3.0 g 
of KH2PO4, 3.0 g of NaNO3, 0.5 g of CaCl2, 0.5 g of MgSO4⋅7H2O, 7.5 mg 

Table 1 
Primers used for DNA barcoding markers.  

Marker Primers sequence Amplicon length 

ITS1 F: 5′-AAGWAAAAGTCGTAACAAGG-3′ 636 bp 
R: 5′-GGTTGGTTTCTTTTCCT-3′

tef1 F: 5′-TTCAAGTACGCCTGGGTCCT-3′ 738 bp 
R: 5′-AGCTGCTCGTGGTGCATCT-3′

rpb2 F: 5′-GGTCAAGAACCTGTCTCTCATGTG-3′ 835 bp 
R: 5′-TCCATGCGCACGTTGTAGTT-3′

act F: 5′-TTCTGCATACGGTCGGAGATAC-3′ 879 bp 
R: 5′-TGATCGGTATGGGCCAGAA-3′

β-tubulin F: 5′-CTCAGTGAACTCCATCTCGTCC-3′ 878 bp 
R: 5′-CCTCCAAGGTTTCCAGATCAC-3′
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of FeSO4⋅7H2O, 2.5 mg of MnSO4⋅H2O, 2.0 mg of ZnSO4, and 3.0 mg of 
CoCl2 in 1000 mL of H2O) supplemented with 2% (w/v) alkali- 
pretreated rice straw and fermented at 5 ◦C, 10 ◦C, 20 ◦C, 30 ◦C, 
40 ◦C and 50 ◦C. After submerged fermentation for 7 d, the degraded 
straw residue was washed with clean water and dried at 65 ◦C for the 
calculation of the relative straw degradation rate (RDR). RDR=(W0-W)/ 
W0 × 100%, where W0 is the dry weight of the initial straw and W is the 
dry weight of the remaining straw. The fungal isolate with the highest 
RDR was selected for further study. 

2.2.3. Cellulase activities 
To quantify the cellulase activity of the psychrotrophic fungus at 

different temperatures, a 2 mL suspension sample of the above 
mentioned submerged fermentation was collected and centrifuged at 
10,000 g for 15 min at 4 ◦C to obtain a crude enzyme solution. The filter 
paper enzyme (FPase), endo-1,4-β-D-glucanohydrolase (EGL), cellobio-
hydrolase (CBH), and β-D-glucosidase (BGL) were quantified to reflect 
the cellulase activities by previously described methods (Liao et al., 
2015). Cellulase activities (FPase, EGL, CBH and BGL) were determined 
according to the adapted dinitrosalicylic acid method (Ghose and Bisa-
ria, 1987) by measuring the released reducing sugars from the filter 
paper, CMC, 4-nitrophenol-β-D-glucopyranoside and p-nitrophenol-D- 
cellobioside (1%, w/v, Sigma, USA). One unit of enzyme activity was 
defined as the amount of enzyme releasing 1 μmol of reducing sugar per 
minute (Miller, 1959). 

2.3. FTIR and SEM analyses during straw degradation 

To determine the lignocellulose degradation of rice straw, changes in 
cellulose, hemicellulose and lignin contents of rice straw were measured 
during submerged fermentation using an ANKOM2000i fibre analyser. 
To decipher the compositional changes in rice straw during degradation, 
the raw samples and degraded residues were subjected to FTIR analysis 
with NicoletiS10 FTIR (Thermo Scientific, USA). The freeze-dried sam-
ples were spread on KBr pellets (1:18, w/w), and FTIR spectroscopy was 
operated in transmittance mode for 10 t cm− 2 resolving power to record 
the infrared absorption spectra. The samples were also subjected to SEM 
analysis with a Hitachi S-3400 VP-SEM to visualize the degradation 
status of the rice straw surface. 

2.4. Fungi-inoculated composting 

2.4.1. Experimental design 
Composting experiments were conducted in Nanjing, China (32◦04′

N, 118◦78′ E), in December 2019, with an ambient temperature of 
approximately 10 ◦C. The raw materials were rice straw and fresh 
chicken manure, which were sourced from Changzhou Hongbao 
Biotechnology Co., Ltd., Jiangsu Province. Two fungal inoculation 
treatments, piles A and B, were inoculated with a 5% (v/w) spore sus-
pension (107 conidia mL− 1) of the fungus Aureobasidium DW-1 obtained 
in this study and P. oxalicum GZ-2 (mesophilic cellulolytic fungus, (Liao 
et al., 2014, 2015)), and a non-inoculated pile was inoculated with the 
same volume of sterile water (pile C). All the materials were mixed 
thoroughly and placed into buckets weighing 40 kg. Each treatment was 
repeated three times, resulting in a total of 9 composting buckets. 

2.4.2. Evaluating the compost maturity 
Samples were collected on days 1, 3, 11, 19, 27, and 35 from the 

upper, middle, and lower layers of the pile and mixed evenly to char-
acterize physicochemical properties and enzyme activities. Tempera-
tures were measured twice per day, at 10:00 and 17:00. Three random 
points were selected for the evaluation of the average composting 
temperature at a height of 40 cm in the piles using a mercury ther-
mometer. The seed germination index (GI) of tomato seeds was exam-
ined to determine the maturity of the compost (Emino and Warman, 
2004). GI (%) = germination rate of treatment × root length of 

treatment × 100%/(germination rate of control × root length of 
control). 

2.4.3. Physicochemical properties of compost 
The physicochemical properties of the compost included moisture 

content (moisture, %), pH, electric conductivity (EC), total carbon (TC, 
mg g− 1) and nitrogen (TN, mg g− 1), ratio of carbon and nitrogen (C/N), 
available phosphorus (AP, mg g− 1), available potassium (AK, mg g− 1), 
ammonium nitrogen (NH4

+-N, mg g− 1), nitrate nitrogen (NO3
− -N, mg 

g− 1), and ratio of ammonium nitrogen/nitrate nitrogen (NH4
+-N/NO3

− - 
N). The moisture of fresh samples was determined by oven-drying to a 
constant weight at 105 ◦C. Water extracts of the fresh samples were 
prepared at a ratio of 1:10 (w/v) using a horizontal shaker for 1 h at 
room temperature; the samples were then centrifuged at 10,000 rpm for 
5 min and filtered with 0.45 μm membrane filters. The fresh extracts 
were subjected to measurement of pH using a pH electrode (PB-10, 
Sartorius, Germany). TC and TN contents were determined using an 
element analyser (Vario EL III, Germany) and were used to calculate the 
C/N ratio. The AP in the compost samples was determined using the Mo- 
Sb colorimetric method (Xu et al., 2018). The AK of the compost sample 
was determined using a flame photometer (AP1302, Aopu, Shanghai). 
NH4

+-N and NO3
− -N were determined with an auto analyser (Seal Auto-

Analyzer AA3, Germany). 

2.4.4. Cellulase activities 
Using the fluorescence microplate enzyme detection method (Marx 

et al., 2001), we measured the activities of a range of cellulases, 
including α-glucosidase (AGL, U mL− 1), β-glucosidase (BGL, U mL− 1), 
cellobiohydrolase (CBH, U mL− 1), acetyl glucosaminidase (NAG, U 
mL− 1), β-xylosidase (BX, U mL− 1), phenoloxidase (PO, U mL− 1), 
peroxidase (POD, U mL− 1), leucine aminopeptidase (LAP, U mL− 1) and 
phosphatase (Ph, U mL− 1). 

2.5. Data analyses 

One-way ANOVA, Pearson correlation analysis, principal component 
analysis (PCA) and redundancy analysis (RDA) were performed in R 
version 4.0.3 (https://www.r-project.org). The statistical significance 
(P < 0.05, LSD tests) of the differences between different groups was 
determined using ANOVA. PCA based on the Euclidean distance of the 
range-normalized values for physicochemical properties and cellulase 
activities was used to visualize differences between treatments and days 
post composting using the FactoMineR R package (Lê et al., 2008), while 
PCA statistical significance was tested using nonparametric PERMA-
NOVA (P < 0.05) with 999 permutations with the Adonis function in the 
vegan package (Dixon, 2003). Pearson correlation analysis and RDA 
were used to investigate the relationship between cellulase activities and 
physicochemical properties and to test the causal effect of cellulase ac-
tivities on physicochemical properties using the quickcor function in the 
ggcor package (https://github.com/zlabx/ggcor) and the rda function in 
the vegan package (Dixon, 2003). 

3. Results and discussion 

3.1. Isolation of Aureobasidium sp. DW-1 as an effective psychrotrophic 
fungus 

Five psychrotrophic fungi (DW-1, DW-2, DW-3, DW-4 and DW-5) 
were isolated from the compost piles of cow manure and rice straw 
through domestication and enrichment culturing at 4 ◦C. Based on in-
ternal transcribed spacers (ITS 1 and 2), all five strains were identified as 
Aureobasidium spp. These five fungal isolates significantly differed in 
their hydrolytic abilities (F4,10 = 13.4, P < 0.001, ANOVA; Fig. 1A), 
cellulolytic activities (F4,10 = 20.1, P < 0.001, ANOVA; Fig. 1B) and rice 
straw degradation abilities (F4,10 = 6.7, P < 0.001, ANOVA; Fig. 1C). On 
the CMC-Congo Red plate at 10 ◦C (LSD test; Fig. 1B), the hydrolytic halo 
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formed by DW-1 was the largest (~16.4 mm), approximately 33% larger 
than that of DW-4 (~12.3 mm), but was statistically similar to those of 
DW-3 (~15.6 mm) and DW-5 (~14.6 mm). Filter paper enzyme (FPase) 
activity is an overall indicator of cellulase activity because of the 
abundant cellulose component in filter paper (Ishihara et al., 1991). The 
FPase assay showed that DW-1 and DW-1 and DW-3 had the strongest 
ability to disintegrate the filter paper, with average FP activities of 35.2 
U mL− 1 and 28.6 U mL− 1, respectively (LSD test, Fig. 1B). Nonetheless, 
DW-4 weakly disintegrated filter paper (17.5 ± 1.5 U mL− 1) in com-
parison with DW-2 (22.3 ± 1.4 U mL− 1) and DW-5 (24.6 ± 3.1 U mL− 1, 
LSD test; Fig. 1B). The straw degradation assay showed that DW-1, DW-2 
and DW-3 were more effective in degrading rice straws, with average 
RDRs of 37.6%, 33.9% and 34.7%, respectively, than DW-4 (30.6%) and 
DW-5 (29.2%, LSD test; Fig. 1C). Overall, Aureobasidium sp. DW-1 
emerged as an effective psychrotrophic cellulose-degrading fungus. 

3.2. The psychrotrophic strain DW-1 as a novel species in the genus 
Aureobasidium 

A sequence similarity search using BLASTN was performed to iden-
tify the taxonomy of Aureobasidium sp. DW-1. The result showed that 
Aureobasidium sp. DW-1 had identical ITS1 and 2 phylotypes to strain 
RChB004 (GenBank: JX188098.1), which was deposited as A. pullulans 
isolated from vineyards in the USA (Bourret et al., 2013). The maximum 
likelihood phylogram constructed with loci from the rpb2, tef1, β-tubulin 
and act sequences showed that the five isolates separated from the ge-
netic neighbours (Supplementary information). The genus Aureobasi-
dium currently contains four accepted species: A. pullulans, A. subglaciale, 
A. melanogenum and A. namibiae (Gostinčar et al., 2014). A. pullulans EXF 
150, A. melanonum CBS 110374, A. subglaciale EXF 2481 (type strain) 
and A. namibiae CBS 147.97 (type strain) were used as reference strains 
for multilocus phylogenetic analysis. The similarity of Aureobasidium sp. 
DW-1 to A. pullulans, A. melanogenum, A. namibiae, and A. subglaciale 
were 96.84%, 96.84%, 98.35% and 96.71% for act, and 93.81%, 
96.02%, 93.52% and 97.94% for rpb2, and 95.42% 96.77%, 97.62% and 
96.60% for tef1, and 98.22%, 98.35%, 99.17% and 98.07% for β-tubulin, 
respectively. According to the standards of the genealogical concor-
dance phylogenetic species recognition concept (Taylor et al., 2000), 
Aureobasidium sp. DW-1 is considered a new species named Aureobasi-
dium paleasum CGMCC 15,390 sp. nov. (deposited at China General 
Microbiological Culture Collection), and its phylogenetic position is 
shown in Fig. 1D. In addition, the Aureobasidium genus belongs to the 
Ascomycota phylum, which contains several representative species, 
such as Phanerochaete chrysosporium (Zeng et al., 2010), Trametes versi-
color (Voběrková et al., 2017) and P. oxalicum (Liao et al., 2014), that 
have been applied in composting under moderate- and high-temperature 

conditions. Overall, the psychrotrophic cellulose-degrading fungus DW- 
1 isolated here was identified as a novel species belonging to the genus 
Aureobasidium. 

3.3. Straw degradation and cellulase activities under different 
temperatures 

The fungal growth dynamics of A. paleasum CGMCC 15,390 sp. nov. 
(DW-1 hereafter) were examined at temperatures of 5 ◦C, 10 ◦C, 20 ◦C 
and 30 ◦C, since it was initially considered a cold-tolerant fungus. As 
shown in Fig. 2A, the growth of DW-1 varied with temperature (F3,8 =

716.6, P < 0.001, ANOVA), with the smallest and largest areas under the 
growth curve (AUCs) at 5 ◦C and 30 ◦C, respectively (P < 0.001, LSD 
test). DW-1 grew similarly at 10 ◦C and 20 ◦C, while the AUC was 
slightly lower at 10 ◦C than at 20 ◦C (P < 0.05). The growth dynamics at 
temperatures ranging from 5 ◦C to 30 ◦C suggested that DW-1 is a psy-
chrotrophic fungus that grows well at low temperatures (below 15 ◦C) 
but requires temperatures above 20 ◦C for maximum growth (Hassan 
et al., 2016). To further investigate the cold adaptability in straw 
degradation, the RDR of rice straw and cellulase activities of DW-1 were 
determined in the temperature range from 5 ◦C to 50 ◦C. Our data show 
that the RDR of rice straw (F5,12 = 329.9, P < 0.001, ANOVA Fig. 2B) and 
the activities of four cellulases (ANOVA; Fig. 2B), including filter paper 
enzyme (FPase, F5,12 = 104.7, P < 0.001), cellobiohydrolase (CBH, F5,12 
= 217.9, P < 0.001), endo-1,4-β-D-glucanohydrolase (EGL, F5,12 =

135.4, P < 0.001) and β-D-glucosidase (BGL, F5,12 = 101 2, P < 0.001), 
increased initially but decreased subsequently, with a temperature 
change from 5 ◦C to 50 ◦C. A. paleasum DW-1 showed the highest straw 
degradation at 10 ◦C and 20 ◦C, with relative degradation rates of 34.3% 
and 32.6% (LSD test, Fig. 2B). DW-1 weakly degraded the rice straw at 
40 ◦C and 50 ◦C, with RDRs of 4.2% and 3.8%, approximately four times 
lower than the RDR at 5 ◦C (18.5%) (LSD test, Fig. 2B). 

Cellulase activity tests showed that the filter paper enzyme and β-D- 
glucosidase of A. paleasum DW-1 were most active from 10 ◦C to 20 ◦C 
but less active at 5 ◦C and from 30 ◦C to 50 ◦C (LSD test; Fig. 2C). The 
FPase activity of A. paleasum DW-1 significantly increased from 12.3 U 
mL− 1 at 5 ◦C to 33.1 ~ 34.9 U mL− 1 at 10 ◦C to 20 ◦C and dramatically 
decreased from 24.8 U mL− 1 at 30 ◦C to 16.1 U mL− 1 at 50 ◦C. After 
reaching the peak of 331.3 ~ 352.6 U mL− 1 at 10 ◦C to 20 ◦C, 
A. paleasum DW-1 reduced its β-D-glucosidase activity from 252.3 U 
mL− 1 to 86.3 U mL− 1 with a temperature rise between 30 ◦C and 50 ◦C. 
In addition, DW-1 demonstrated the highest activities of cellobiohy-
drolase and endo-1,4-β-D-glucanohydrolase at 30 ◦C, although the ac-
tivities were still high from 10 ◦C to 20 ◦C (LSD test, Fig. 2C). The 
activities of cellobiohydrolase and endo-1,4-β-D-glucanohydrolase rose 
from 122.2 U mL− 1 and 3.7 U mL− 1 at 5 ◦C to values of 149.6 ~ 161.9 U 

Fig. 1. Isolation and identification of rice straw-degrading fungi at low temperatures. Phylogeny and morphology and hydrolysed halo size (A), filter paper 
enzyme (FPase) activity (B) and rice straw degradation of fungal isolates (C) were examined to screen fungi capable of degrading rice straw under low-temperature 
conditions. In (A), (B) and (C), the small letters above the bars (mean + se) denote statistically significant differences (different letters: P < 0.05). In (D), a 
phylogenetic tree was generated for five marker genes by the maximum likelihood method. 

G. Jiang et al.                                                                                                                                                                                                                                    



Bioresource Technology 331 (2021) 125049

5

mL− 1 and 4.6 ~ 5.1 U mL− 1, to the maximal values of 233.5 U mL− 1 and 
6.6 U mL− 1 at 30 ◦C, then drop to 28.8 U mL− 1 and 2.6 U mL− 1 at 50 ◦C. 

Linear regression revealed significantly positive relationships be-
tween the relative degradation rate and the activities of the above four 
cellulases (Fig. 2D). The relative degradation rate increased faster with 
increasing endo-1,4-β-D-glucanohydrolase (slope = 5.713, R2 = 0.572, P 
= 0.013) and filter paper enzyme (slope = 1.146, R2 = 0.789, P < 0.001) 
activity than with increasing cellobiohydrolase (slope = 0.142, R2 =

0.775, P < 0.001) and β-D-glucosidase (slope = 0.122, R2 = 0.967, P <
0.001) activity (linear fitting with Pearson correlation coefficient, 
Fig. 2D). Multiple regression analysis was then performed to assess the 
contribution of different cellulases to straw degradation by strain 
A. paleasum DW-1. The results showed that the straw degradation ability 
of this fungus was strongly associated with the activities of the four 
cellulases (F4,13 = 178.5, R2 = 0.982, P < 0.001, AIC = 80.9; Table 2). 

3.4. DW-1 shows higher cellulose degradation than mesophilic fungus at 
10 ◦C 

Seven days after inoculation with rice straw at 10 ◦C, the psychro-
trophic fungus A. paleasum DW-1 performed better than the mesophilic 
fungus P. oxalicum GZ-2 in rice straw degradation (F2,6 = 318.9, P <
0.001, ANOVA; Supplementary information). The average degradation 
rate of A. paleasum DW-1 was 44.3%, approximately 4.5 times higher 

than that of GZ-2 (9.8%) and the control (8.3%). Substance analysis 
revealed significant differences in the degradation rates of cellulose 
(F2,6 = 273.7, P < 0.001), hemicellulose (F2,6 = 1144.1, P < 0.001) and 
lignin (F2,6 = 676.7, P < 0.001) between A. paleasum DW-1, P. oxalicum 
GZ-2 and the control (ANOVA; Supplementary information). The cel-
lulose degradation rate of A. paleasum DW-1 (26.0%) was 8.0 higher 
than that of P. oxalicum GZ-2 (3.3%) and 12.5 times higher than that of 
the control (2.1%). Similarly, the degradation rates of hemicellulose 
(15.6%) and lignin (8.5%) for A. paleasum DW-1 were 12 and 26 times 
higher than those of P. oxalicum GZ-2 (0.6%~1.3%) and 14 and 28 times 
higher than those of the control (0.3%~0.6%). This suggests the general 

Fig. 2. Straw degradation and enzyme activities of A. paleasum DW-1. The growth (A), straw degradation (B), activity of four cellulases (C) and the relationship 
between the straw degradation and cellulase activities of the psychrotrophic fungus A. paleasum DW-1 (D) were examined to characterize the performance of this 
strain under different temperature conditions. In (A), (B), (C), the blue curves denote a nonlinear fit between temperature and fungal characteristics, while the small 
letters above the bars (mean + se) denote statistically significant differences (different letters: P < 0.05). In (D), the blue curves denote a linear fit between the straw 
degradation and cellulase activities of the psychrotrophic fungus A. paleasum DW-1. AUC, RDR, CHB, EGL, and BGL are abbreviations for the area under the growth 
curve, relative degradation rate, filter paper enzyme, cellobiohydrolase, endo-1,4-β-D-glucanohydrolase and β-D-glucosidase, respectively. 

Table 2 
Multiple regression analysis for the straw degradation of A. paleasum DW-1 with 
cellulase activities.   

Coefficients Standard Error t statistic P values AIC 

Intercept 1.584  2.483  0.638  0.534  27.832 
FPase 0.361  0.108  3.345  <0.005  37.008 
CHB 0.126  0.022  5.782  <0.000  45.838 
EGL − 5.023  0.976  − 5.148  <0.000  48.744 
BGL 0.071  0.012  5.919  <0.000  49.357 
Summary F4,13 = 178.5, R2 = 0.982, P < 0.001, AIC = 80.9 

Note: CHB, EGL, and BGL are abbreviations of fitter paper enzyme, cellobio-
hydrolase, endo-1,4-β-D-glucanohydrolase and β-D-glucosidase. 
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ability of A. paleasum DW-1 to secrete lignocellulases for straw degra-
dation at low temperatures. Compared to the control, FITR detected a 
strong decomposition in A. paleasum DW-1-treated straw at peaks of 
3354 cm− 1, 2920 cm− 1, 1645 cm− 1, 1510 cm− 1, 1425 cm− 1, 1371 cm− 1, 
1323 cm− 1, 1245 cm− 1 and 1060 cm− 1 (Supplementary information). 
This observation suggests that A. paleasum DW-1 is effective in 
degrading cellulose, hemicellulose, lignin, fatty compounds, protein, 
amide compounds, and silicates in rice straw at 10 ◦C. Furthermore, the 
SEM revealed that straw surfaces were effectively decomposed by 
A. paleasum DW-1 (Supplementary information). 

3.5. Application potential of A. paleasum DW-1 

Temperature is a key indicator of composting, as it affects com-
posting efficiency and microbial activities (Zhao et al., 2016). The 
A. paleasum DW-1-inoculated chicken manure straw composting treat-
ments were compared with P. oxalicum GZ-2-inoculated and non- 
inoculated (control) treatments to assess the application potential of 
psychrotrophic A. paleasum DW-1 in colder regions (Fig. 3). The initial 
temperature of the three composts was approximately 10 ◦C (Fig. 3A). In 
the compost inoculated with A. paleasum DW-1, the pile temperature 
began to increase rapidly and reached the thermophilic stage (>55 ◦C) 
at days 4 ~ 5, approximately two days earlier than in the control and 
P. oxalicum GZ-2-inoculated composts. This may be due to the high 
degradation of A. paleasum DW-1 of rice straw at 10 ◦C, which can 
provide nutrients and activate indigenous microbial activities in 
compost (Xie et al., 2017). The thermophilic stage of the A. paleasum 
DW-1 compost was sustained for 10 days, with a maximum temperature 
of 63.5 ◦C, which was 3.5 ◦C and 5.5 ◦C higher than that of the 
P. oxalicum GZ-2 and non-inoculated composts, respectively (Fig. 3A). A 
majority of the previously isolated microbes in low-temperature 

composting were bacterial strains, and psychrotrophic fungi have not 
received this attention (Gou et al., 2017; Hou et al., 2017; Yang et al., 
2018; Abdellah et al., 2021). Thus, inoculation of the psychrotrophic 
cellulose-degrading fungus A. paleasum DW-1 with the aim of enhancing 
the temperature in the thermophilic stage of the composting process 
indicates its application potential in low-temperature composting. 

The effect on seed germination is an important indicator of compost 
quality (Luo et al., 2018). Seed germination was estimated to compare 
the maturity of compost inoculated with A. paleasum DW-1 and 
P. oxalicum GZ-2 over time. Our results showed that seed germination 
was significantly affected by the fungal inoculation treatments (F2,48 =

6.2, P = 0.004) and composting processes (F1,48 = 669.8, P < 0.001) and 
their interaction effect (F1,48 = 6.0, P = 0.005, two-way ANOVA; 
Fig. 3B). Less difference in seed germinations between the inoculated 
and non-inoculated piles was observed from the mesophilic stage to the 
middle of the thermophilic stage of composting. Such lower seed 
germination rates (<30%) could be explained by the presence of 
phytotoxic compounds (Bernal et al., 2009) or the changes in physico-
chemical properties (Komilis, 2015) in the immature composts inocu-
lated with A. paleasum DW-1 and P. oxalicum GZ-2 during these periods. 
However, at the end of the thermophilic stage of composting, the 
A. paleasum DW-1-inoculated piles exhibited 10% higher seed germi-
nation than the P. oxalicum GZ-2-inoculated and control piles. The 
A. paleasum DW-1-inoculated piles also sustained high seed germination 
(98.5%) until the end of the composting process. The difference in seed 
germination between the A. paleasum DW-1-inoculated pile and the 
other two piles gradually increased to 25%. Indeed, over 80% of the 
seeds germinated in the compost reached maturity, reflecting the lack of 
phytotoxic effects (Awasthi et al., 2014). Thus, inoculation of 
A. paleasum DW-1 accelerated the removal of phytotoxic components 
and promoted the maturity of the compost. 

Fig. 3. Changes in compost maturity, physicochemical properties and cellulase activities during composting. Assessment of composting temperature (A), 
maturity (B), PCA of physicochemical properties (C) and cellulase activities (D) during the process of composting. Raw changes in the physicochemical properties and 
cellulase activities are listed in Supplementary information. (E) and (F) show the explanatory power of fungal inoculants on the variation in physicochemical 
properties and cellulase activities at different stages of composting. The small letters denote significant differences between comparisons (P < 0.05), ns denotes 
nonsignificant differences (P > 0.05) and the stars (* and **) denote significant differences at P < 0.05 and P < 0. 01, respectively. 
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3.6. Changes in physicochemical properties and cellulase activities in 
composts 

Physicochemical properties are critical for compost stability and 
quality (Komilis, 2015). We found that the trends of eleven physico-
chemical properties were similar in fungi-inoculated and control piles 
during composting (Supplementary information). Some physicochem-
ical parameters, such as moisture and total carbon, decreased, while 
other parameters, such as phosphorus availability and pH, increased 
over time (Supplementary information). PCA revealed significant dif-
ferences in physicochemical properties among the three piles (P =
0.013) and across the composting times (P < 0.001, PERMANOVA; 
Fig. 3C and Supplementary information). These data suggested strong 
effects of inoculation and composting time on the variation in physi-
cochemical properties, which was also noted in previous studies 
(Abdellah et al., 2021; Gou et al., 2017; Hou et al., 2017). At early stages 
of composting, no differences in physicochemical properties were 
observed in piles inoculated with A. paleasum DW-1 and P. oxalicum GZ- 
2 (Supplementary information). However, fungal inoculation could still 
explain up to 52.4% of the variation in physicochemical properties, even 
though the inoculation effects were not significant at 1 day and 3 days 
post composting (Fig. 3D). Beginning in the middle stage of composting, 
the physicochemical properties of the A. paleasum DW-1 composts 
significantly differed from those of the P. oxalicum GZ-2-inoculated and 
control composts (Supplementary information), and treatment effects 
were responsible for 74.2%, 71.9%, 72.2% and 56.7% of the physico-
chemical variations from 11 days to 35 days post composting (Fig. 3D). 
Overall, A. paleasum DW-1 inoculation was able to improve the maturity 
and quality of the compost, suggesting a high application potential of 
A. paleasum at low temperatures. 

The changes in maturity and physicochemical properties of compost 
are tightly associated with microbial activities (Reyes-Torres et al., 
2018), and this is an important attribute of efficient inoculants (Liu 
et al., 2018; Abdellah et al., 2021). We found that the dynamics of nine 
cellulase activities followed similar trends in the DW-1, P. oxalicum GZ-2 
and control composts over time (Supplementary information). Enzymes 
such as α-glucosidase, β-glucosidase, β-xylosidase and acetyl glucosa-
minidase were active at the early stages but decreased with composting 

time. In contrast, the activities of peroxidase, phenoloxidase and phos-
phatase were limited at the early stages but increased thereafter. Such 
differences in enzyme activities have also been reported previously (Gou 
et al., 2017; Sun et al., 2017; Yang et al., 2018; Li et al., 2020). PCA 
showed that there were no differences in the enzyme activities of the 
inoculated and non-inoculated composts (P = 0.335), but significant 
differences were observed across different stages of composting (P < 
0.001, PERMANOVA; Fig. 3E and Supplementary information). 
Although no effects of fungal inoculations on composts were observed 
for the overall enzyme activities, significant differences were observed 
in enzyme activities of the piles inoculated with A. paleasum DW-1 at 
four out of six sampling times during composting (Supplementary in-
formation). Indeed, up to 56.2% of this variation was explained by 
fungal inoculations at 3, 19, 27 and 35 days post composting (Fig. 3F). 

3.7. Cellulase activities driving the changes in physicochemical properties 

We found a significant influence of cellulase activities on the varying 
physicochemical parameters, with 94.94% correlations among 99 pair-
wise analyses between 9 cellulase activities and 11 physicochemical 
parameters (Fig. 4A). For instance, α-glucosidase, β-glucosidase, cello-
biohydrolase and β-xylosidase were positively (P < 0.05) correlated with 
moisture, total carbon, total nitrogen, electric conductivity, ammonium 
nitrogen and the ratio of ammonium nitrogen/nitrate nitrogen but 
negatively correlated (P < 0.05) with the ratio of total carbon/total 
nitrogen, phosphorus and potassium availability, pH and nitrate nitro-
gen. However, phenoloxidase and peroxidase showed contrasting re-
lationships with the above-mentioned physicochemical parameters 
(Fig. 4A). The observed differences in the correlation between cellulase 
activities and physicochemical parameters could be explained by the 
role of inoculated fungal strains in promoting heat generation and cel-
lulose production during composting, thereby altering the physico-
chemical parameters of composts. 

Redundancy analysis was used to understand the causal effect of 
cellulase activities of compost induced by A. paleasum DW-1 on the 
changes in physicochemical parameters during composting (Fig. 4B). 
Our data identified a significant impact of cellulase activities on the 
physicochemical parameters of different composts (F9,44 = 44.5, R2 =

Fig. 4. Relationships between cellulase activity and physicochemical parameters during composting. Pearson correlations between cellulase activity and 
physicochemical parameters (A). The angle of the coloured pies represents the correlation coefficient, while the blue and red pies denote the positive and negative 
correlations, respectively. The cross means that the correlation was not significant. Panel (B) shows the RDA explaining the physicochemical parameters with 
cellulase activity, and panel (C) shows the variance partitioning analysis comparing the relative proportion of total variation explained by the different cellulases. In 
(C), the small letters denote significant differences between comparisons (P < 0.05), ns denotes nonsignificant differences (P > 0.05) and the stars (* and **) denote 
significant differences at P < 0.05 and P < 0. 01, respectively. The cellulose-degrading enzymes included α-glucosidase (AGL), β-glucosidase (BGL), cellobiohydrolase 
(CBH), acetyl glucosaminidase (NAG), β-xylosidase (BX), phenoloxidase (PO), peroxidase (POD), leucine aminopeptidase (LAP) and phosphatase (Ph). The physi-
cochemical parameters included moisture content (moisture, %), pH, electric conductivity (EC), total carbon (TC) and nitrogen (TN), ratio of C/N (C/N), available 
phosphorus (AP), available potassium (AK), ammonium nitrogen (NH4

+-N), nitrate nitrogen (NO3
− -N), and ratio of ammonium nitrogen/nitrate nitrogen (NH4

+-N/ 
NO3

− -N). 
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0.901, P = 0.004, permutation test). Physicochemical parameters of 
A. paleasum DW-1-inoculated composts clustered together and separated 
from those of control and P. oxalicum GZ-2-inoculated composts. These 
results suggest a change in cellulase activities due to fungal inoculation 
exerting an impact on the physicochemical parameters of the composts. 
However, the activities of nine enzymes contributed differentially to the 
physicochemical variations in different composts (Fig. 4C). In particular, 
α-glucosidase (48.4%, P < 0.001) and β-glucosidase (21.2%, P < 0.001) 
were identified as the major contributors to the variation between the 
A. paleasum DW-1-inoculated compost and the control composts (per-
mutation test). The five remaining important enzymes, cellobiohy-
drolase, β-xylosidase, phenoloxidase, acetyl glucosaminidase and 
leucine aminopeptidase, collectively explained 14.4% of the physico-
chemical variation. These results were similar to previous reports that 
revealed that changes in cellulase activities in psychrotrophic microbe 
inoculations can affect physicochemical dynamics (Abdellah et al., 
2021; Gou et al., 2017; Liu et al., 2018). 

4. Conclusion 

The novel psychrotrophic fungus isolated and characterized in this 
study, A. paleasum DW-1, has important implications for straw degra-
dation and composting in colder regions. The application potential of 
DW-1 is particularly evidenced by its psychrotrophic growth, cellulase 
activity and straw degradation at 10 ◦C as well as its ability to improve 
the maturity and quality of composts. Nonetheless, the molecular 
mechanisms behind the cellulase regulation of A. paleasum DW-1 under 
low temperatures must be further examined before its industrial appli-
cation in colder regions. 

CRediT authorship contribution statement 

Gaofei Jiang: Formal analysis, Data curation, Methodology, Writing 
- original draft, Writing - review & editing. Peijie Chen: Formal anal-
ysis, Data curation, Methodology, Writing - original draft, Writing - re-
view & editing. Yanzhuo Bao: Investigation, Resources, Methodology, 
Data curation, Formal analysis. Xiaofang Wang: Data curation, Formal 
analysis, Writing - review & editing. Tianjie Yang: Data curation, 
Formal analysis, Writing - review & editing. Xinlan Mei: Data curation, 
Formal analysis, Writing - review & editing. Samiran Banerjee: Writing 
- review & editing, Investigation, Resources. Zhong Wei: Writing - re-
view & editing, Investigation, Resources. Yangchun Xu: Supervision, 
Funding acquisition, Project administration, Writing - review & editing. 
Qirong Shen: Supervision, Funding acquisition, Project administration, 
Writing - review & editing. 

Declaration of Competing Interest 

The authors declare that they have no known competing financial 
interests or personal relationships that could have appeared to influence 
the work reported in this paper. 

Acknowledgments 

We thank for the experimental assessment from FungiG group and 
fruitful discussion with Prof. Irina S. Druzhinina and Dr. Feng Cai. The 
work was supported by The National Key Technology Research and 
Development Program of China (2017YFD0800203), the Fundamental 
Research Funds for the Central Universities (KJQN202116 and 
KJQN202117), the National Natural Science Foundation of China 
(41922053, 42090062, 31972504 and 42007038), Natural Science 
Foundation of Jiangsu Province (BK20190518, BK20180527 and 
BK20200533)  and the Bioinformatics Center of Nanjing Agricultural 
University. 

Appendix A. Supplementary data 

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.biortech.2021.125049. 

References 

Abdellah, Y.A.Y., Li, T., Chen, X.i., Cheng, Y.i., Sun, S., Wang, Y., Jiang, C., Zang, H., 
Li, C., 2021. Role of psychrotrophic fungal strains in accelerating and enhancing the 
maturity of pig manure composting under low-temperature conditions. Bioresour. 
Technol. 320, 124402. https://doi.org/10.1016/j.biortech.2020.124402. 

Awasthi, M.K., Pandey, A.K., Khan, J., Bundela, P.S., Wong, J.W.C., Selvam, A., 2014. 
Evaluation of thermophilic fungal consortium for organic municipal solid waste 
composting. Bioresour. Technol. 168, 214–221. https://doi.org/10.1016/j. 
biortech.2014.01.048. 

Bernal, M.P., Alburquerque, J.A., Moral, R., 2009. Composting of animal manures and 
chemical criteria for compost maturity assessment. A review. Bioresour. Technol. 
100 (22), 5444–5453. https://doi.org/10.1016/j.biortech.2008.11.027. 

Bischof, R.H., Ramoni, J., Seiboth, B., 2016. Cellulases and beyond: the first 70 years of 
the enzyme producer Trichoderma reesei. Microb Cell Fact 15, 106. https://doi.org/ 
10.1186/s12934-016-0507-6. 

Bourret, T.B., Grove, G.G., Vandemark, G.J., Henick-Kling, T., Glawe, D.A., 2013. 
Diversity and molecular determination of wild yeasts in a central Washington State 
vineyard. North American Fungi 8, 1–32. https://doi.org/10.2509/ 
naf2013.008.015. 

de Bertoldi, M., Vallini, G., Pera, A., 1983. The biology of composting: A review. Waste 
Manage. Res. 1, 157–176. https://doi.org/10.1016/0734-242X(83)90055-1. 

Dixon, P., 2003. VEGAN, a package of R functions for community ecology. J. Veg. Sci. 14 
(6), 927–930. https://doi.org/10.1111/j.1654-1103.2003.tb02228.x. 

Emino, E.R., Warman, P.R., 2004. Biological Assay for Compost Quality. Compost 
Science & Utilization 12 (4), 342–348. https://doi.org/10.1080/ 
1065657X.2004.10702203. 

Ghose, T., Bisaria, V.S., 1987. Measurement of hemicellulase activities: Part I Xylanases. 
Pure AppI. Chem. 59, 1739–1752. https://doi.org/10.1351/pac198759121739. 
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