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Slow organic material and nutrient turnover is one of the limiting processes in arid
and semiarid ecosystems, and cellulose decomposers play an important role in straw
turnover and nutrient return in cropland ecosystem in drylands. In order to moderate the
limiting effect of material turnover, a highly efficient cellulose decomposing fungus was
screened from 85 cellulose decomposing fungi and we named the isolated fungus as
NMCel-crop1 in the sandy cropland of Horgin Sandy Land in a semiarid agro-pasture
ecotone in northern China. This fungal decomposer was identified as Rhizomucor
variabilis by using morphological and rDNA-ITS molecular methods. The optimized
temperature for expressing its carboxymethyl cellulose (CMC) enzyme activity ranges
from 40 to 55°C. The CMC enzyme activity was significantly and highly produced by the
NMCel-crop1 than that in situ sail in the cropland, and the filter paper decomposition
rate was 82% in 7 days. The field straw decomposition experiment showed that the
decomposition rate of maize straw infected by NMCel-crop1 reached at 92.5% in
1 year, which was 26% higher than that without infection. Straw turnover accelerated
by NMCel-crop1 significantly increased soil organic carbon (SOC) and total nitrogen
(TN) by 34.08 and 14.26%, respectively, indicating that the selected highly efficient
decomposing fungus could accelerate straw turnover rate and increase SOC and
nitrogen content and promote soil fertility and soil health in the sandy cropland, as
well as potentially improve crop productivity and quality in the sustainable agriculture
management of the arid and semiarid sandy cropland.

Keywords: cellulose decomposer, CMC enzyme activity, sandy cropland, straw turnover, agro-pasture ecotone

INTRODUCTION

The boundary line of the agricultural and pastoral area is approximately consistent with the 400-
mm isohyet in China. The land use in the southeast part of the isohyet is cropping dominant, and
the northwest part is pasture dominant. The agro-pasture transitional ecotone is in between the
agricultural and pastoral area, in which both cropping is expanding and grazing intensified spatially
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and temporally. The agro-pasture transitional ecotone of
northern China starts from Hulun Buir of western Great
Khingan, southward to Tongliao and Chifeng of Inner Mongolia,
then goes to northern Hebei, Shanxi, and Shaanxi provinces,
and ends up at eastern Gansu province (Zhao et al., 2002). The
annual precipitation of the transitional ecotone is ranging from
300 to 450 mm. Precipitation, which fluctuates significantly, is
the main limiting factor for both cropping and grazing in this
area. The vegetation changes variably in consequence with the
precipitation, which makes this transitional area a very vulnerable
ecotone (Zhao et al., 2003).

Horqin Sandy Land is located in the southeast part of Inner
Mongolia, which is one of the most vulnerable and most typical
areas for ecological and environmental study in semiarid agro-
pasture transitional ecotone. During the recent few decades, a
large area of grassland has been converted into farmland year by
year in this region, mostly due to the rapid growth of population
and their aspiration for better life. Therefore, maize (Zea mays
L.) became the best choice for cropping, because of its higher
productivity and higher price. However, maize consumes much
more water than the local plants, and the overuse of water for
irrigation resulted in desertification of this vulnerable sandy land
ecosystem (Zhao et al,, 2015; Wang et al., 2016a).

Straw turnover is a conservational management to enhance
the soil fertility in agricultural sustainable maintenance (Kassam
et al., 2009). However, the low precipitation and temperature
makes the straw decompose much slower in winter and spring,
retaining a large amount of undecomposed cellulose in and/or
upon the surface soil of the cropland in Horqin sandy cropland.
The undecomposed straw residual will lead to pest and virus
breakouts in this area. So many farmers prefer burning the
maize straw after harvest, which causes heavy air pollution,
consequently causing respiratory infections and also waste of
organic resource in the semiarid area (Qu et al., 2012; Zhang
et al., 2014). Cellulose is one of the most renewable bioenergy
materials, producing alcohol, carbohydrate, single-cell protein,
and organic fertilizer during its enzymatic decomposition
procedure (Lynd et al., 2002). Therefore, the efficient treatment
and suitable utilization of cellulose could not only supplement
bioenergy shortage but also relieve environmental pollution
from agricultural waste, especially in dryland areas. It is an
efficient and environmentally friendly approach to decompose
cellulose by cellulolytic decomposers (Panagiotou et al., 2003).
Cellulose decomposers play a very important role in sandy
farmland ecosystems. They participate actively in straw turnover,
nutrient uptake, and pest control (Jin, 2004; Wang et al., 2016b;
Jaiswal et al., 2017). The cellulose decomposers isolated from
terrestrial ecosystems are mostly fungi, and most of them could
be categorized into Trichoderma, Penicillium, Aspergillus, and
Fusarium (Panagiotou et al., 2003; Wen et al.,, 2005; Lu et al,,
2011; Wang et al., 2015a). The study on the functional cellulose
decomposers and their ecological service are fundamental and
essential in sustainable agricultural management in drylands
(Qin and Wei, 2007). However, it is seldom reported on
the isolation of efficient cellulosed decomposers in semiarid
sandy cropland. The purpose of this study is to isolate several
highly efficient cellulose decomposers in Horqin sandy cropland.

We hypothesized that isolation of highly efficient cellulose
decomposers in Horgin sandy cropland soil could not only
enrich soil functional microbial bank and accelerate maize straw
turnover but also promote sustainable agricultural development
in the agro-pasture ecotone of northern China.

MATERIALS AND METHODS
Study Area

This study was conducted in Naiman Desertification Research
Station of the Chinese Academy of Sciences (NDRS), which
is located in Naiman County in the southwestern part of the
Horqin Sandy Land, Inner Mongolia, northern China (120°55'E,
42°41'N; 360 m a.s.l.) (Figure 1). The climate in this area is
characterized as a temperate, semiarid continental monsoon, with
a hot summer and cold winter. The mean annual precipitation
is 366 mm, with 70-80% falls during the general plant growing
season from June to September. The annual mean open-pan
evaporation is around 1935 mm, five times greater than annual
precipitation. The annual mean temperature is around 6.4°C,
ranging from a monthly maximum of 23.5°C in July to a monthly
minimum of —16.8°C in January. The annual mean wind velocity
ranges from 3.6 to 4.1 m/s, and the dominant wind is southwest
in summer and autumn and northwest in winter and spring.
The zonal soil is classified as sandy chestnut, which is sandy
in texture, light yellow in color, and loose in structure and is
vulnerable to wind erosion (Zhao et al., 2003; Wang et al., 2016b).
The original landscape was dominated by sandy grassland with
scattered trees (mostly elms, Ulmus spp.). However, the grassland
has been replaced by farmland, due to the increase in population
and development of irrigation. Maize (Z. mays L.) monoculture
dominates the cultivated land because of its higher productivity
and easier management (Wang et al., 2016a).

Experimental Design

Soil Collection

We collected soil samples for isolating cellulose decomposers in
the comprehensive observation cropland field in NDRS. This
long-term observation field was established in 1997, covering
20,000 m? and planting maize since then. This field is a
typical irrigated sandy cropland in Horqin sandy cropland. We
randomly set up 10 quadrats (1 m x 1 m) in the observation
field, took five replications of soil cores at a depth of 0-20 cm in
each quadrat and mixed as a pooled sample. Every pooled sample
was sieved (<2 mm) to remove rocks and plant material and
stored separately in sterilized ziplock bags at 4°C, prepared for
laboratory isolation of cellulose decomposers. The soil collection
was conducted in early August. The basic characteristics of the
observation field are shown in Table 1.

Culturable Medium for Cellulose Decomposing Fungi
Isolation

The medium used for isolating and selecting efficient cellulose-
decomposing fungi includes carboxymethyl cellulose (CMC)
medium, PDA medium, Congo Red CMC medium, litter
medium, and liquid medium (peptone: 2.6 g; yeast extract: 1.3 g;
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FIGURE 1 | Study area of Naiman Desertification Research Station (NDRS), in the southeastern part of Inner Mongolia, typical area in agro-pasture ecotone of

litter powder: 5 g; MgSO4-7H,0: 0.8 g; KH,PO4: 2 g; NaCl: 0.1 g;
H,0: 1,000 mL). The detailed recipe for each medium was shown
in Wang et al. (2015b).

Procedures for Isolation and Screening
Isolation: 10 g fresh soil was mixed into 90 ml sterilized water
until the soil was totally suspended. 1 ml supernate was added

TABLE 1 | Characteristics of the cropland.

Crop Species Zea mays L.
Yield (g/m?) 998.37 + 38.32
Aboveground biomass (g/m?) 2288.73 + 156.71
Underground biomass (g/m?) 77.45 +9.16
Soil pH 8.20 + 0.21
Clgkg™") 7.56 + 0.30
N (g.kg™ ") 0.85 + 0.04
P (mg.kg™") 28.76 + 4.01
K(mg.kg™") 95.31 +7.83
Bulk density (g.cm~3) 1.41 +0.11
Microbe Bacteria abundance (10° /g. dry soil) 1032.44 + 50.97
Actinomycete abundance (10° /g. dry soil) 495.20 + 44.16
Fungi abundance (10° /g. dry soil) 21.07 £ 3.38
Soil Microbial biomass carbon (mg kg~') 462.17 + 35.08
Data were from the Ilong-term  observation database in NDRS

(http://nmd.cern.ac.cn/meta/metaData).

into 9 ml sterilized water and shaken to produce 1 and 10% soil
microbial suspensions. 1-ml suspensions were transferred into
CMC medium plates with five replicates for both 1 and 10%
suspensions, separately. The plates were incubated at 30°C for
10-15 days until different colonies grew big enough to be picked
for purification.

Purification: Separated colonies were picked and transferred
into PDA medium plates and incubated at 30°C for 3-5 days.
Colonies without any infection were selected as purified fungi for
advanced screening.

Screening for efficient cellulose-decomposing fungi: Pure
colonies were transferred into litter medium plates at 30°C for
5-10 days. Pure colonies with long mycelium and abundant
spore were chosen as cellulose-decomposing fungi. Separated
colonies were scraped by vaccinating lancet, placed into Congo
Red CMC medium plates, and incubated at 30°C for 10 days
to select efficient cellulose decomposing fungi. Colonies with
faster growth and larger transparent rings in the Congo Red
CMC medium plates were screened as highly efficient cellulose
decomposing fungi. The selected fungal strains were stored
in Congo Red CMC medium tubes for morphological and
molecular identification and further experiment.

Morphological and Molecular Identification
Morphology

The selected fungal strains were transferred into PDA medium
plates and incubated at 30°C for 3-5 days. Microscopic
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examination was performed to observe the characteristics of the
mycelium and spore for each strain. “Manual of Fungi Taxa
Identification” (Wei, 1979) and “Illustrated Genera of Imperfect
Fungi” (Barnett and Hunter, 1998) were used for the fungi
taxa identification.

Molecular Identification

DNA was extracted from a small portion of the selected
fungi mycelium (Zhang et al, 2008). Universal primers of
ITS1 (5-TCCGTAGGTGAACCTGCGG-3) and ITS 4 (5'-
TCCTCCGCTTATTGATATGC-3') were used for PCR. PCR
reaction system (50 pL): dd H,O 30 pL, PCR buffer 5 L, ANTP
5 nL, MgCl, 2 puL, formamide 2 pL, ITS1 1.5 pL, rTaq enzyme
1 pnL, template DNA 2 pL. PCR reaction condition: 94°C for
5 min, 94°C for 40 s, 55°C for 40 s, 72°C for 1 min, 72°C for
10 min, 38 cycles. The target PCR products with a clear strip were
sequenced in Nuosai Gene. The DNA sequences were aligned
with the GenBank database in National Center for Biotechnology
Information (NCBI)' to determine the taxa of the selected fungus.
Molecular Evolutionary Genetics Analysis 7 (MEGA 7) was used
to build a phylogenetic Minimum Evolution (ME) tree based on
the DNA sequences that are similar with the target DNA sequence
in NCBI, and the evolutionary distances were computed using the
p-distance method (Nei and Kumar, 2000).

CMC Enzyme Activity
Carboxymethyl cellulose enzyme activity from the supernate was
determined at different temperature gradient (20, 25, 30, 70°C).

A small amount of the final selected fungus was taken and
dipped into the conical flasks with the liquid medium. The
flasks were shaken (150 r/min) at 30°C for 7 days and then
centrifuged at 4,000 r/min for 15 min. The supernate was used
for determining the CMC enzyme activity. 0.5 ml of supernate
was placed into a tube with 1.5 ml citrate buffer (0.05 mol/l, pH
5.0, containing 0.5% CMC-Na). The tube was water-bathed at
different temperature gradients (20, 25, 30, 35, 40, 45, 50, 55, 60,
65, 70°C) for 30 min. Then, 1 ml dinitrosalicylic acid (DNS) was
added into the tube which was boiled at 100°C for 5 min. The
volume was remained constant at 5 ml when the tube cooled at
room temperature. The absorbance was determined at 540 nm in
a spectrophotometer. The glucose content was calculated based
on the standard curve (Fang et al, 2007; Bayer et al, 2013;
Sun et al., 2017).

CMC enzyme activity X = m/(V.t).n (Equation 1)
where m represents glucose content, V represents supernate
volume (0.5 mL), f represents reaction time (30 min), and n
represents dilution ratio (5/0.5).

A 10 g fresh soil was diluted into 90 ml sterilized water, shaken
for 15 min at 150 r/min, and 0.5 ml of the soil supernate was used
to determine soil CMC enzyme activity (Guan, 1986).

Decomposition Ability

A small piece of the strain was taken and incubated in the liquid
medium conical flask for 24 h. Then, five pieces of filter paper
were put into the flask, shaken (150 r/min), and incubated at

Uhttps://www.ncbi.nlm.nih.gov

30°C for 10 days. Weight loss was determined every day until the
weight did not change significantly (Yao and Huang, 2006).

Decomposition rate D = ((mg-m;)/mg) x 100% (Equation 2)
where my is the original weight of the filter paper, while m; is the
weight at the ith day.

Straw Decomposition in Field Experiment

The maize straw was cut into small pieces (<5 cm) after harvest,
and the straw pieces were oven dried at 70°C for 24 h to a constant
weight. The maize straw carbon and nitrogen contents were
451.6 £ 6.6 and 7.73 £ 0.26, respectively, and its C:N ratio was
58.42 4 1.64. 10-g straw pieces were sealed in a 20 cm X 25 cm
nylon net bag (net hole are 2 mm x 2 mm). The net bags were
soaked with straw in the liquid medium and incubated with the
selected cellulose-decomposing fungi for 30 min. Meanwhile, net
bags of straw without decomposer infection were set as control.
The control net bags were soaked in the liquid medium without
any microbes for 30 min to minimize the influence of the liquid
medium for straw decomposition. Then, 20 net bags with and
without the decomposing fungi were buried at 10 cm deep in the
cropland soil, respectively. The net bags were set randomly 20 m
away from each other in the comprehensive observation cropland
field in NDRS in early October. We collected five net bags with
the impact of the selected cellulose decomposing fungi, as well as
five control net bags in early December (frozen season, 60th day),
next early May (seeding season, the 200th day), next mid August
(growing season, 300th day), and next early October (harvest
season, 360th day), respectively. The straws in the net bags were
cleaned and then oven-dried at 70°C for 24 h. The mycelia from
NMCel-cropl were observed in all of the net bags added with the
selected decomposing fungi, suggesting that NMCel-crop1 fungi
were present in all the decomposing stages. The maize straw mass
loss rate is calculated as 1-D (D refers to the decomposition rate
in Eq. 2) (Qu et al,, 2011). A modified “Olson” litter mass loss
model (Eq. 3) was used to predict straw turnover.

R= % = ¢~ (k® (Equation 3) (Olson, 1963; Liu et al., 2006)
where R is the percentage of remaining mass; xo is the initial litter
mass, and x is the litter mass at the time of ¢; k represents the litter
turnover rate (higher k means faster decomposition rate); a is a
correction factor.

Meanwhile, soils were carefully collected under net bags
(<1 cm both with and without selected decomposers) and bare
soil at a depth of 0-10 cm was collected as control at the
end of the straw decomposition experiment. The soil organic
carbon (SOC) and total nitrogen (TN) were analyzed to calculate
the nutrient return in the field. SOC was measured by the
dichromate oxidation method of Walkley and Black (Nelson
and Sommers, 1982), and TN was determined by the Kjeldahl
procedure (Institute of Soil Sciences CAS, 1978).

Data Analysis

Origin 8.0 (OriginLab, United States), SPSS 17.0 (IBM SPSS
Statistics, United States), and Microsoft excel 2016 (Microsoft,
United States) were used to analyze the descriptive statistical data
and significance tests. Significant differences were assessed by
one-way ANOVA and LSD tests at p < 0.05. All the descriptive
data were expressed as means =+ SE.
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TABLE 2 | Diameter of hydrolytic ring of the selected five strains.

Strains Diameter(cm)
NMCel-crop1 21+03a
NMCel-crop2 1.56+02b
NMCel-crop3 1.5+01b
NMCel-crop4 12+02¢
NMCel-crop5 11+01c

Values (mean + SE) with different letters within a column are significantly different
atp < 0.05.

RESULTS

Isolation

The results showed that 85 cellulose-decomposing fungi were
detected in the CMC medium plates, 11 of which were purified
from the isolation due to the different colors and shapes of the
colony. Five strains grew much faster after prescreening in the
litter medium plates. These five screened strains were numbered
as NMCel-cropl, NMCel-crop2, NMCel-crop3, NMCel-crop4,
and NMCel-crop5. Advanced screening showed that NMCel-
cropl grew much faster, and the diameter of hydrolytic ring was
significantly larger than the other four strains in the Congo Red
CMC medium plates (Table 2). Therefore, NMCel-cropl was
selected as the highly efficient cellulose decomposing fungus.

Identification

From the microscopic images (Figure 2), we could clearly see that
there are no separation in the hypha, and single sporangiophores
emerge at the end of each hypha. Spherical sporangia, with a
great number of spores, appear at the top of sporangiophores.
The morphological characteristics illustrated that NMCel-crop1
could be assigned in the Mucoraceae family. DNA sequencing
analysis showed that the length of the extracted DNA is 1048 bp,
with 38.26% of the G 4+ C base. Blast alignment of the DNA
sequence in the NCBI GenBank database indicated that the
strain is mostly associated with the known fungus sequence
(FJ227892.1: Rhizomucor variabilis var. regularior isolate 80,
genetic similarity = 99.49%) (Figure 3). The NMCel-cropl
fungus was identified as the species of R. variabilis in the genus
of Rhizomucor and family of Mucoraceae.

CMC Enzyme Activity

Carboxymethyl cellulose enzyme activity from the supernate
was determined at different temperature gradients (20, 25, 30,
70°C). The CMC enzyme activity increased gradually from
20 to 40°C, then increased smoothly, and got to its peak at
50°C. It decreased sharply from 55°C (Figure 4). Therefore, the
optimized temperature for the NMCel-cropl fungus to fulfill
its decomposing ability is 50°C. The CMC enzyme activity
produced by the NMCel-cropl fungus (0.43 = 0.03 mg/ml-min)
was significantly higher than that from the sandy cropland soil
(0.05 = 0.01 mg/ml-min) (p < 0.001).

Decomposition Ability

The change in filter paper mass loss, decomposed by the NMCel-
cropl fungus, showed that it decomposed very slowly in the first
3 days (D < 20%). From the 3rd to 6th days, the filter paper
weight lost very fast from 20 to 80% and almost lost at a rate of
20% per day. Then, after the 7th day (D = 82.03 & 2.46%), the
mass did not change significantly (Figure 5).

Straw Decomposition in the Field

Experiment

The result from the field experiment (Figure 6) showed that
straw was decomposed very fast at the first decomposing stage
(harvest to frozen seasons, 0-60 day) by 42.27 & 3.91% infected
by NMCel-cropl fungus, which was 11.47% higher than bare
soil, and then became much slower in the frozen season from
early December to early May (60-200 day), 9.03% infected
by the NMCel-cropl fungus, and 4.47% in bare soil. When
it became warmer, the straw decomposition rate was much
faster again. The decomposition rate reached 83.69 £ 2.50%
infected by the NMCel-cropl fungus, 20% higher than bare soil
at the end of the growing season in mid August. The daily
decomposition rate did not show a statistical difference between
NMCel-cropl fungus (0.28%/day) and bare soil (0.26%/day) at
the 3rd decomposing stage (seeding season to growing season,
200-300 day). After the growing season (300-400 day), the straw
mass loss was still going on when infected by the NMCel-
cropl fungus, but it slowed down in bare soil. The straw mass
loss reached 92.49% infected by the NMCel-cropl fungus, 26%
higher than that in bare soil after 1 year buried in the sandy
cropland soil. The residual of the straw remained less than

FIGURE 2 | Microscopic morpha of NMCel-crop1 magnified at 10, 40, and 100 times.
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FIGURE 3 | Phylogenetic Minimum-Evolution (ME) tree of NMCel-crop1 and its related strains.

EU330186.1 Rhizomucor variabilis internal transcribed spacer 1
EF151444.1 Rhizomucor variabilis isolate F19

MH715252.1 Mucor circinelloides strain F-1.1

MT279286.1 Mucor circinelloides isolate PUb013
MK267681.1 Mucor circinelloides isolate E21564 ITS
FJ227895.1 Rhizomucor variabilis var. regularior isolate 74
MK267685.1 Mucor sp. isolate E21568 ITS

JX661049.1 Mucor circinelloides strain 35

FM177657.1 Uncultured compost fungus

MG519710.1 Mucor circinelloides isolate NIN-DG-I
MH715260.1 Mucor circinelloides strain F-5.2

@ NMCel-crop

FJ227892.1 Rhizomucor variabilis var. regularior isolate 80
HQ285715.1 Rhizomucor variabilis strain KS-A2
HM623316.1 Rhizomucor variabilis var. regularior strain CBS
MH862534.1 Mucor circinelloides strain CBS

AM901693.1 Mucor sp. BF81

HM639973.1 Rhizomucor variabilis var. regularior strain 2707
KR056083.1 Mucor circinelloides strain IBT-83

JF904893.1 Rhizomucor variabilis

KF298072.1 Mucor circinelloides isolate Bam1

GQ376118.1 Mucor circinelloides strain UOA/HCPF 9964
MT279285.1 Mucor circinelloides isolate PUb005
KC460806.1 Rhizomucor variabilis strain SL-9

MH715264.1 Mucor circinelloides strain F-16.1

MH715261.1 Mucor circinelloides strain F-11.1

10% infected by the NMCel-cropl fungus, which significantly
accelerated the straw turnover in the semiarid sandy cropland.
The modified “Olson” mass loss model was made to predict
maize straw turnover both in bare soil and that affected by
the NMCel-cropl fungus in the field. It clearly showed that
the observed mass loss rate could be well fitted in the model
(R> > 0.9) and the litter turnover rate k was much higher
in the model affected by NMCel-cropl than that in bare soil
(Table 3), indicating that the maize straw turnover rate was
much fast with the help of the NMCel-crop1 fungus than that in
natural bare soil.

To evaluate the quantitative nutrient return in the cropland
soil, SOC and TN were collected and analyzed at the end
of the field experiment. The result showed that maize straw
turnover increased SOC significantly. SOC was 20.16 and 34.08%
significantly higher in soils under the net bag with (WD) the
selected decomposer compared with that in soils without the
selected decomposer (ND) and the control soil (CK), respectively.
Soil TN did not show a statistical difference between ND and CK.
However, TN was significantly higher in WD than that in ND
and CK. SOC and nitrogen ratio (C:N) increased significantly by

13.06 and 16.80% in ND and WD than that in CK. The C:N ratio
did not show a significant difference between ND and WD. The
results indicated that our selected decomposing fungus could not
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FIGURE 4 | CMC enzyme activity at different temperature gradients.
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TABLE 3 | Modified “Olson” mass loss model in the field decomposition
experiment.

Modified “Olson” Bare soil NMCel-

mass loss model crop1

R= % —e ®" o =0.597 a =0.653
k =0.883 k =2.386
R? =0.915 R? = 0.906

only accelerate the straw turnover rate but also could increase
SOC and nitrogen content and potentially promote soil fertility
and soil health in the sandy cropland.

DISCUSSION

We have isolated and selected abundant and highly efficient
cellulose decomposers, some of which contributed to litter
decomposition by 50% in 30 days in the former work in Horqin
sandy grassland (Wang et al., 2015a). However, the cellulose
decomposers detected in the sandy cropland was much less
(Wangetal., 2016a) and could not isolate highly efficient cellulose
decomposers for a long time. That is why we optimized the
isolation, purification, and screening procedures to obtain this

highly efficient cellulose-decomposing fungus (R. variabilis) for
promoting straw turnover and nutrient cycling in semiarid sandy
cropland maintenance in Horqin sandy cropland.

Soil organic carbon is an important component to soil fertility
and water holding capacity. Soil nitrogen is a major nutrient
element that influences plant growth and biogeochemical
cycle in terrestrial ecosystems. The SOC and nitrogen ratio
(C:N) has been used as a key factor to evaluate soil health
in agriculture ecosystem (Al-Kaisi et al., 2005; Kibblewhite
et al, 2008; Swangjang, 2015; Liu et al., 2018). Our result
showed that straw turnover accelerated by the selected efficient
decomposing fungus significantly increased SOC, TN, and C:N
ratio in the sandy cropland (Figure 7), indicating that our
selected decomposer (NMCel-cropl) could be magnified and
demonstrated to accelerate straw turnover and increase soil
nutrient in Horqin sandy cropland and other semiarid regions.

Generally speaking, the soil C:N ratio ranging from 15 to 25%
indicates that the soil is in good health. The higher soil C:N ratio
indicates that the soil has greater ability to immobilize additional
nitrogen input (Livesley et al., 2016). In our experimental site,
the C:N ratio in the bare soil was 14.74, mostly due to low
SOC in sandy soil, as well as high chemical fertilizer input of
agricultural management. Straw turnover significantly increased
soil C:N ratio to 16.66 because of increased carbon input. Highly
efficient cellulose-decomposing fungus (NMCel-crop1) addition
promoted the soil C:N ratio at 17.21, indicating that maize
absorbed more immobilized nitrogen during the growing season.

The selected highly efficient cellulose-decomposing fungus
could produce CMC enzyme at 50°C and even higher (Figure 4),
which is almost the maximum soil temperature recorded in
Naiman Desertification Research Station®, as well as in most
of other deserts in Asia and in Africa (Zhao, 2012). The
result indicated that the selected cellulose-decomposing fungus
could also be potentially magnified and used in the arid and
semiarid areas to accelerate litter decomposition, where the litter
decomposed rate is slow.

Carboxymethyl cellulose enzyme activity from the supernate
was determined at different temperature gradient (20, 25, 30,
70°C). The CMC enzyme activity increased gradually from
20 to 40°C, then increased smoothly, and got to its peak at
50°C. It decreased sharply from 55°C (Figure 4). Therefore, the
optimized temperature for the NMCel-cropl fungus to fulfill its
decomposing ability is 50°C, and the optimized range for litter
decomposition should be 40-55°C. The CMC enzyme activity
produced by the NMCel-cropl fungus (0.43 = 0.03 mg/ml-min)
was significantly higher than that from the sandy cropland soil
(0.05 £ 0.01 mg/ml-min) (p < 0.001).

Many species in Rhizomucor genus are key fungi for
fermentation in the food industry, and some of them are
pathogenic fungi for skin disease. They play a very important
role in alcoholic fermentation, sugar production, and lipid
enzymolysis. Research showed that Rhizomucor pusillus could
catalyze different carbon source substrates into small particles,
such as glycerinum, lactic acid, and xylitol, which are very
important products in the food industry (Millati et al., 2005).

Zhttp://nmd.cern.ac.cn/meta/metaData
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FIGURE 7 | Influence of straw turnover (with and without efficient cellulose decomposer) on soil organic carbon (SOC), total nitrogen (TN), and carbon and nitrogen
ratio (C:N) in the field decomposition experiment. CK: bare soil without straw; ND: soil under straw net bags without selected decomposing fungi; WD: soil under
straw net bags with selected decomposing fungi. Different letters represent significant difference among the treatments at p < 0.05.

Chadha et al. (2004) isolated a fungus (R. pusillus) with high
phosphatase activity from the compost, and it could be used
to regulate the composition of livestock fodder. Several species
of Rhizomucor was isolated from soils in a semiarid area of
southern Africa. These fungal species had high tolerance in excess
nitrite and could survive under extreme drought stress (Seabi
etal., 1999). Another species of Rhizomucor (Rhizomucor miehei)
could produce lipase, which could be used in dairy products
(Soltani et al., 2019) and also in biofuel industry (Rodrigues
and Fernandez-Lafuente, 2010; Adnan et al., 2018). Some of the
R. miehei could also produce mannose enzyme in strong acid
and high-temperature environments (Li et al., 2017). Reports
about R. variabilis were mostly focused on medical science. They
are pathogenic fungi for many skin diseases (Lu et al.,, 2009;
Tomita et al., 2011; Patil et al., 2013). Recently, a few reports
on food production indicated that R. variabilis showed highly
alkali resistance to produce lipase (Bancerz et al., 2015, 2018).
Researchers isolated R. variabilis from mushroom (Ke et al., 2016)
and corncob (Xu et al, 2017). These fungi were sensitive to
nitrogen variations and beneficial for protecting crop from rot
disease. Our research firstly recruited new fungal species into soil
functional microbe banks in semiarid sandy cropland and tested
their highly efficient litter decomposition function.

Soil microorganisms work collaboratively to regulate soil
health and maintain the sustainable production in agricultural
cropland (Chapin et al., 2002; Acostamartinez et al., 2010; Jaiswal
et al., 2017). Cellulose decomposers are mainly responsible for
crop straw decomposition and acceleration of its turnover in the
agricultural ecosystem. Crop straw turnover could promote soil
microbial activity and increase soil fertility, so that less chemical
fertilizer would be applied and high-quality agricultural products
could be produced in green agricultural development. Therefore,
straw turnover became an effective practice in sustainable
agricultural management (Roper and Gupta, 1995; Wei et al,
2017). However, in the cold and semiarid agro-pasture ecotone,
such as Horgin Sandy Land, the precipitation is low and so
is the temperature, especially in winter and spring. The straw
decomposed very slowly after harvest, and the organic material
could not return to the soil rapidly, leading to a waste of
organic resource and even pest disease in the coming year. In
the natural field condition of Horgin sandy cropland, the maize
straw decomposition rate is only 35% from its harvest to the next
seeding season, and it reaches 66% in a whole year, and 1/3 of

the maize straw could not be decomposed. The straw residual is
mostly lignin and/or polycellulose, and the residual could hardly
be decomposed. We isolated and selected this highly efficient
cellulose decomposing fungus (R. variabilis) from soils in situ
in Horgin sandy cropland and magnified and accelerated straw
turnover. The application of the decomposing microbial agents
significantly increased the straw decomposition rate by 50% from
its harvest to the next seeding season, and reached to >90% in
1 year. The maize straw could mainly return into soil as organic
matter in a year. The application of this fungus could reduce the
chemical fertilizer application and produce healthy crop products
in a sustainable agricultural management system in the arid and
semiarid agro-pasture area.

CONCLUSION

Five cellulose-decomposing fungi were isolated, and one of
them was selected as a highly efficient cellulose decomposer in
sandy cropland of the agro-pasture ecotone in northern China.
This selected cellulose-decomposing fungus was identified as
R. variabilis. The optimized temperature for expressing its CMC
enzyme activity ranges from 40 to 55°C. The CMC enzyme
activity produced by the selected fungus was 0.43 mg/ml-min,
which was significantly higher than that from sandy cropland soil.
It has high ability to decompose cellulose material, not only in
laboratory test but also in the field experiment. Straw turnover
accelerated by NMCel-cropl could significantly increase SOC
and TN input, indicating that the selected highly efficient
decomposing fungi could potentially promote soil fertility and
soil health in sandy cropland.
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