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Abstract

Purpose: The highly efficient degradation bacteria were selected from the humus from the very cold straw in
China for many years to construct the in situ degradation bacteria, and the degradation efficiency of corn straw
was determined by process optimization.

Methods: According to the main components of corn straw, through morphological, physiological, and
biochemical screening, three highly efficient complementary degradation strains were selected to construct the
compound flora, and the degradation efficiency was analyzed by Fourier transform infrared spectrometer, field
emission scanning electron microscope, and X-ray diffractometer.

Result: The corn straw selected in this paper is mainly composed of cellulose (31.99%), hemicellulose (25.33%), and
lignin (14.67%). Through the determination of enzyme activity, strain Streptomyces sp. G1' has high decomposition
ability to cellulose and hemicellulose but weak utilization ability to lignin; strain Streptomyces sp. G2' has the
strongest decomposition ability to cellulose and hemicellulose among the three strains. The decomposition ability
of strain Streptomyces sp. G3' to lignin was the strongest among the three strains. Therefore, by compounding the
three strains, the decomposition ability has been greatly improved. The optimal process conditions obtained by
single factor and response surface method are as follows: pH is 7, temperature is 30 °C, inoculation amount is 5%,
rotational speed is 210 rpm, and the weight loss rate of straw is 60.55% after decomposing for 7 days. A large
amount of degradation of corn straw can be seen by Fourier transform infrared spectrometer, field emission
scanning electron microscope, and X-ray diffractometer.

Conclusion: Streptomyces sp. G1', Streptomyces sp. G2', and Streptomyces sp. G3' screened from straw humus in
very cold areas were used to construct in situ degradation bacteria, which had good straw degradation activity and
had the potential to be used for straw treatment in cold areas after harvest. This characteristic makes the complex
bacteria become a strong competitive candidate for industrial production, and it is also an effective biotechnology
in line with the current recycling of resources.
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Introduction

China, as a traditional agricultural country in the world,
produces more than 600 million tons of straw every year.
Such a huge resource is often incinerated by traditional
methods, resulting in a large amount of smoke causing
serious haze problems, while carbon dioxide is emitted
directly into the atmosphere, leading to global warming
(Yin et al. 2010).

Straw is mainly composed of cellulose, which is a kind
of renewable organic molecules with the most abundant
reserves on the earth (Klemm et al. 2005). It is a promising
method to decompose it by cellulase produced by micro-
organisms (Sukumaran et al. 2005; Octave and Thomas
2009). This enzyme is widely used in textile industry,
pharmaceutical industry, food industry, biofuel, pollution
control, and feed industry (Sreena et al. 2016; Aarti et al.
2018; Thomas et al. 2018; Sreena and Sebastian 2018).
Keeping crop straw in the field can supplement soil or-
ganic matter and improve soil fertility. However, in cold
areas, due to low temperature and slow straw decompos-
ition, crop straw retention is often complained of the
negative impact of crop straw accumulation on crop
growth and yield. The accumulation of straw will affect
plant growth, nutrient availability, soil temperature, water
infiltration, and evaporation, as well as the population of
diseases and insect pests. At present, the research on bio-
degradation of corn straw at home and abroad is mainly
focused on the following aspects:

Straw returning to the field

Through various forms of corn straw returning technol-
ogy, although to a certain extent, it can increase soil or-
ganic matter, improve soil physical and chemical
properties, and reduce the loss of phosphorus and potas-
sium nutrients in straw. But there are also some prob-
lems that affect its wide application (Zhang 2009). First,
because the corn straw is mainly composed of lignocel-
lulose, if it is not treated, it is difficult to be degraded by
microorganisms in the natural field, so that the straw is
decomposed and transformed by microorganisms in the
soil for a long time, and the soil fertility effect will not
be achieved immediately. It even affects the farming of
crops in the next season, which is not attractive to
farmers (Chen et al. 2002; Xu et al. 2001). Second, due
to the degradation of straw in the field that requires a
certain ratio of carbon to nitrogen, resulting in competi-
tion for fertilizer between straw and crops, which may
affect crop growth, resulting in a certain degree of yield
reduction, so that farmers resist it. In addition, in the
winter paddy field in the south, after the corn straw is
returned to the field, the content of methane released
from the paddy field will be doubled, which has attracted
great attention of the environmental circle (Sabine et al.
2001; Liou et al. 2003; Lu et al. 2010).
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Straw feed

Corn straw is a kind of inferior roughage, which is
mainly due to its high fiber content, low crude protein
and mineral content, and lack of vitamins A, D, and E,
cobalt, copper, sulfur, sodium, selenium, and other min-
eral elements necessary for animal growth. Energy is
very low. Moreover, the high degree of silicification of
corn straw cell wall, especially the high content of insol-
uble silicon, further limits the degradation and
utilization of corn straw cellulose by rumen microorgan-
isms. Due to these reasons, the animal feed intake and
nutrient digestibility of corn straw feed are affected, so
the value of corn straw as feed is small and its applica-
tion is limited (Han et al. 2002).

Straw energy

In China’s rural areas, cooking and heating with stalks in-
stead of coal has always existed, and before the 1990s, this
method consumed more than 60% of the total straw
(Zhong et al. 2003; Qiang 2006). However, the burning
value of straw is only about 10%, and the combustion heat
energy of corn straw is far lower than that of wheat, corn,
soybean, and other crops. Using straw as fuel not only
causes a lot of waste of energy, but also produces serious
environmental pollution. With social development and
the improvement of people’s living standards, most of
them are gradually being replaced by coal, gas, or electri-
city. At present, they account for only 20% in poor areas,
5% in general areas, and zero consumption around cities
or in relatively affluent areas (Zhang 2009). This makes
the problem of excess straw more prominent, resulting in
direct burning and disposal of straw in the field.

Due to the demand of farmers for efficient, clean, and
convenient energy, a number of straw energy utilization
technologies have been carried out at home and abroad.
At present, the main ways of energy conversion of corn
straw are straw direct combustion heating technology,
straw gasification central gas supply technology, straw
ethanol production, straw fermentation biogas technol-
ogy, and so on (Liu et al. 2008). However, there are some
problems in these methods, such as straw central direct
combustion heating is difficult to be widely used because
of its high operation cost, straw gasification is only in
the experimental stage, and there are some problems,
such as low gas production rate, high cost, and difficult
gas purification. Due to the limitation of its techno-
logical level, cellulosic ethanol is still in the stage of
industrialization which needs national financial support
and subsidy, and it is still a long way from large-scale
application. Using straw as fermentation raw material to
produce biogas, there are some problems, such as low
straw degradation rate, poor input-output efficiency,
crusting in the pond, and difficulty to discharge (Chen
2002).
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Straw papermaking

Plant fiber is the basic raw material for the development
of pulp and paper industry. According to international
statistics, wood used in the world paper industry ac-
counts for more than 90% of pulping fiber raw materials
(excluding waste paper). Among the raw materials of
pulping fiber in China, the proportion of grass and other
non-wood raw materials is very prominent, and it is the
largest producer of straw pulp in the world. At present,
the main grass materials used are corn straw, wheat
straw, Reed, awn stalk, bamboo, bagasse, hemp, cotton,
and so on. However, the collection and transportation of
household-produced corn straw for papermaking is lim-
ited, and the environmental pollution of papermaking
still needs to be solved (Zhang 2009).

Industrial raw materials

At present, the industrial utilization of corn straw is
mainly used in the material industry, and its utilization
modes include straw scrap board, straw medium-density
fiberboard, straw lightweight wall lining materials, straw
packaging pillows, and so on. Using corn straw as build-
ing materials can not only partially replace bricks, wood,
and other materials, but also effectively protect forest re-
sources. However, as the modern utilization of straw in
industry has just started in our country, it still needs a
long time to explore in terms of technology and market-
ing (Gao 2006).

To sum up, direct combustion as fuel, roughage, vari-
ous ways of returning straw to the field, and a large
number of field burning are still the main treatment
methods of corn straw, resulting in serious environmen-
tal pollution. Although corn straw is actively developing
other ways of utilization, many straw energy utilization
technologies are not mature enough; their application
and promotion are not extensive, and the cost of trans-
porting straw to other places by large-scale machinery is
too high to solve the problem of straw surplus (Suku-
maran et al. 2005). If we can use microorganisms to de-
grade and transform corn straw, it will greatly promote
the problem of straw returning to the field and the de-
velopment of other application methods, and at the
same time greatly reduce the environmental pollution
caused by straw incineration. It is also of positive signifi-
cance to alleviate the excessive carbon dioxide emissions
and air pollution crisis in the world today.

Therefore, it is particularly important to study the deg-
radation and utilization of straw, which is based on the
contradiction between agricultural production and envir-
onmental protection (Russell et al. 2009; Watanabe and
Tokuda 2010). In recent years, many scholars have
screened some strains with the ability of corn straw deg-
radation, but most of them generally have the problem
of low enzyme activity. And the screening of some
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strains only takes the degradation of cellulose as the
screening index, ignoring whether the strain has the abil-
ity to degrade the other two main components (hemicel-
lulose and lignin) in corn straw. As the main component
of corn straw is cellulose, in addition, it also includes
hemicellulose, lignin, wax, a small amount of structural
proteins, and some mineral elements, which form a
strong tissue, which greatly reduces the utilization rate
of cellulose. Therefore, it is still necessary to design a
more comprehensive and reasonable screening method
to obtain highly efficient degradation strains of corn
straw.

Materials and methods

Collection of humus soil

In order to obtain in situ strains that can decompose
corn straw in alpine areas, these soils were collected
from the humus of straw returned to the field for many
years in Heihe City, Heilongjiang Province. The soil was
collected in Wudalianchi (48.17 °N, 126.35 °E), Xunke
(47.58 °N, 129.17 °E), and Bei’an (47.35 °N, 127.51 °E). A
total of 15 soil samples were collected, 5 from each
location.

Screening of degrading bacteria

The soil samples were naturally dried in the shade,
ground into fine powder in a mortar, put into a triangu-
lar bottle, added an appropriate amount of sterilized
glass beads, put into an air oscillator 180 rpm, and
shaken for half an hour, then diluted and coated on ISP2
medium (glucose 0.4%, malt extract 1%, yeast extract
0.4%, Ager 2%, pH 7.0-7.4).

Cultivation of microorganisms

The strains with fast colony growth and good growth
state were cultured in ISP2 medium and inverted in
28 °C incubator.

Identification of the target strain

The above strains were pure cultured, passed on for 3-5
generations, and stained with Congo red, and three
strains with larger transparent circle were selected for
the following experiments (Teather and Wood 1982).

Pretreatment of straw

The harvested corn straw was dried to a constant
weight, crushed with a traditional Chinese medicine
grinder, and sifted through a 40-mesh sieve.

Determination of main components of straw

The determination of cellulose, lignin, hemicellulose,
and ash in corn straw refers to VanSoest washing
method.
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Determination of enzyme activity

Determination of glucose content by DNS

Twenty-four clean and dried 5-mL test tubes were
placed on the test tube rack, sorted from 0 to 7, and
marked, with each number corresponding to 3 test
tubes. As shown in Tables 2, 3, 4, and 5, glucose solu-
tions with different concentration gradients are added,
and the volume is replenished to 2 mL with ddH,O ac-
cordingly. Add the same amount of DNS solution, shake
well, and put the test tube into boiling water for 10 min.
The mouth of the test tube is plugged with cotton to
prevent it from boiling. After cooling to room
temperature, the 0.5mL reaction solution was fully
mixed with 3 mL ddH,0, and then, 250 uL. to 96-well
plate was extracted from the diluted solution, and the
absorbance value was determined at 540 nm (Denison
and Koehn 1977).

Determination of FPA enzyme activity

The filter paper strip was accurately weighed 50 mg.
In order to increase the contact area with the crude
enzyme extracted from the straw system, the filter
paper strip was cut and added to the centrifuge tube
of 4.5mL as the reaction substrate. Citric acid buffer
and crude enzyme solution were added with a total
volume of 2mL and a ratio of 1:1. After setting the
parameter of 1000 rpm for 2min, the fermentation
product was fully centrifuged to obtain the crude en-
zyme solution. Fully vibrate with an oscillator, and
then bathe in water at 60°C for 60 min. Set the par-
ameter 12,000 rpm for 5min, remove the bottom flocs
after centrifugation, take the supernatant of 1 mL, add
1.5mL DNS solution and 1 mL 0.05mol/L citric acid
buffer with pH 5.0 of 1 mL 0.05 mol/L, and boil for 5
min after shaking. After cooling, take the 0.5 mL reac-
tion solution and 3mL ddH,O repeatedly, extract
250 uL. from each centrifuge tube and add it to the
96-well plate, determine the absorbance value at 540
nm, and convert it into enzyme activity according to
the formula.

Determination of exoglucanase activity

Precisely extract 1 mL 1% crystalline cellulose solution
and add it to the centrifuge tube of 4.5 mL as the re-
action substrate. Citric acid buffer and crude enzyme
solution were added; the total volume of them was 2
mL; the ratio was 1:1. After setting the parameter of
1000 rpm for 2min, the fermentation product was
fully centrifuged to obtain the crude enzyme solution.
Fully vibrate with an oscillator and then bathe in
water at 60°C for 60 min. Set the parameter 12,000
rpm, the time is 5min; after high-speed centrifuga-
tion, the floc settles to the bottom, take 1 mL super-
natant, add 1.5 mL DNS solution and 1 mL 0.05 mol/L
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citric acid buffer with pH5.0. After shaking, boil for
5 min; after cooling, take the 0.5 mL reaction solution
and 3 mL ddH,O repeatedly, then extract 250 uL from
the centrifugal tube, and add it to the 96-well plate
in turn, determine the absorbance value at 540 nm,
and convert it into enzyme activity according to the
formula.

Determination of endoglucanase activity

Precisely extract 1 mL 1% sodium carboxymethyl cellu-
lose solution and add it to the centrifuge tube of 4.5 mL
as the reaction substrate. Citric acid buffer and crude
enzyme solution were added; the total volume of them
was 2 mL; the ratio was 1:1. After setting the parameter
of 1000 rpm for 2 min, the fermentation product was
fully centrifuged to obtain the crude enzyme solution.
Add DNS solution of 1.5 mL and citric acid buffer solu-
tion of 1 mL 0.05mol/L with pH 5.0 and boil for 5 min
after shaking. After cooling, take 0.5 mL reaction solu-
tion and 3 mL ddH,O repeatedly, extract 250 pL from
each centrifuge tube, and add it to 96-well plate in turn.
The absorbance value is determined at 540 nm, and the
enzyme activity is converted into enzyme activity ac-
cording to the formula.

B-1,4-determination of glucanase activity

Precisely extract 1 mL 1% salicylic solution and add it to
the centrifuge tube of 4.5 mL as the reaction substrate.
Citric acid buffer and crude enzyme solution were
added; the total volume of them was 2 mL; the ratio was
1:1. After setting the parameter of 1000 rpm for 2 min,
the fermentation product was fully centrifuged to obtain
the crude enzyme solution. DNS solution of 1.5 mL and
citric acid buffer solution of 1 mL 0.05 mol/L with pH
5.0 were added and boiled for 5 min after shaking. After
cooling, the 0.5mL reaction solution was repeatedly
blown with 3 mL ddH,O, and 250 uL was extracted from
each centrifuge tube and added to the 96-well plate in
turn. The absorbance value was determined at 540 nm
and transformed into enzyme activity according to the
formula.

The production of 1ug glucose per 1 min is defined
as a unit of enzyme activity. Three parallel samples
were set up in the above enzyme activity determin-
ation experiments, and finally, the average value was
taken (Cao 2010).

Verification of complementarity

The enzyme activities of cellulose, hemicellulose, and
lignin of the three strains were determined to observe
whether the three strains could degrade corn straw com-
prehensively (Sun et al. 2016).
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Single factor experiment and response surface
optimization

The influence factors on the weight loss rate of corn
straw were screened by six factors, such as initial pH
value, fermentation temperature, inoculation amount,
fermentation time, loading quantity, and rotational
speed. A series of single factor experiments were carried
out to explore the effect of fermentation conditions on
the degradation of corn straw. The experimental design
of response surface was carried out by using the Design-
Expert software, and the best fermentation conditions
were determined according to the analysis of the results.

Degradation efficiency analysis

The degradation efficiency was analyzed by Fourier
transform infrared spectrometer (Thermo Fisher Scien-
tific Nicolet 6700), field emission scanning electron
microscope (QUANTA FEG 250), and X-ray diffractom-
eter (UltimalV SmartLab).

Statistical analysis

The standard error (+) of the average is calculated
through three measurements using Microsoft Office
Excel 2010.

Results and discussion

Determination of main components in corn straw

The corn straw was crushed into powder, and its com-
position was determined after sifting through 40 mesh.
According to the experimental results, it can be seen
that the main components of corn straw are cellulose,
namely cellulose, hemicellulose, and lignin (Table 1).

Drawing glucose standard curve by DNS method
The regression equation is y = 0.6817x — 0.0236, R* =
0.9989, and the curve can be used (Fig. 1).

Determination of cellulase activity in continuous
fermentation system of strain

In order to verify the ability of strains Streptomyces sp.
G17%, Streptomyces sp. G2, and Streptomyces sp. G3" to
decompose and utilize corn straw, the cellulase activity
levels of the three strains were determined, and the fer-
mentation period was set to 24 days. First of all, the
straw samples were processed into small segments by a
miniature plant sample grinder, and the straw powder

Table 1 Main components of corn straw

Components Content (%)
Cellulose 31.99
Hemicellulose 2533

Lignin 14.67

Ash 9.81
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y=0.6817x - 0.0236
R2=10.9989
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Fig. 1 Standard curve of dextrose (the DNS method)

was obtained after 40 mesh sieving, and then used to
prepare the fermentation medium. The purified strains
were picked into ISP2 medium and prepared into seed
liquid for spare. When the strain was added to the fer-
mentation medium according to the proportion of 3%
(v/w), it was observed that the medium was brown, and
the culture medium gradually appeared bubbles with the
increase of fermentation time. The cellulase activity was
determined every 3 days when the parameters were set
at 28 °C and 180 rpm.

The cellulase activity of strains Streptomyces sp.
G1%, Streptomyces sp. G2", and Streptomyces sp. G3*
on the 3rd, 6th, 9th, 12th, 15th, 18th, 21st, and 24th
day of corn straw fermentation was determined re-
spectively (Figs. 2, 3, and 4).

Verification experiment on functional complementarity of
flora

Through the fermentation of corn straw with single
strain, compared with the fermentation of compound
bacteria, it was found that strain Streptomyces sp.G1"
had higher ability to decompose cellulose and
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hemicellulose but weak ability to utilize lignin, strain
Streptomyces sp.G2" had the strongest ability to decom-
pose cellulose and hemicellulose, and strain Streptomyces
sp.G3" had the strongest ability to decompose lignin.
Compared with the fermentation effect of the compound
bacteria, it can be seen that the compound bacteria have
obvious advantages in the decomposition ability of cellu-
lose, hemicellulose, and lignin, which also shows that the
compound of different strains can form complementary
capacity; the decomposition effect is better than that of a
single strain (Fig. 5). In the follow-up experiment, the
compound flora will be constructed, and the fermenta-
tion conditions will be optimized.

Single factor experiment on fermentation of compound
bacteria

In this study, the effects of six factors, such as initial pH,
temperature, inoculation amount, time, loading capacity,
and rotational speed, on straw weight loss were investi-
gated, and single factor experiments were carried out to
optimize the fermentation conditions (Roy and Sen 2013).
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Fig. 4 Cellulose enzyme activity measurement size of strain
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validation experiments
.

By studying the effect of initial pH on the weight loss
rate of corn straw (Fig. 6), it was found that with the grad-
ual increase of initial pH, the weight loss rate of corn
straw increased at first and then decreased. In the lower
range of pH, the weight loss rate of corn straw is low.
When the pH value reaches 7.5, the maximum weight loss
rate of corn straw reaches 54.87%. When the pH is higher
than 7.5, the weight loss rate of corn straw decreases grad-
ually. The analysis shows that the compound flora is more
beneficial to the growth, reproduction, and metabolic ac-
tivities of microorganisms in the neutral environment
(Younis et al. 2010; Bai et al. 2012).

By studying the effect of temperature on the weight
loss rate of corn straw (Fig. 7), it was found that the
weight loss rate of corn straw increased at first and then
decreased with the increase of temperature. When the
temperature is in the range of 22-28 °C, the weight loss
rate of corn straw is low; when the temperature reaches
28°C, the maximum weight loss rate of corn straw
reaches 57.29%; when the temperature is higher than
28°C, the weight loss rate of corn straw decreases

N
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Fig. 6 The influence of the initial pH of corn straw
weightlessness rate
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gradually. The analysis showed that when the
temperature was lower, the growth and metabolism of
microorganisms were slower, which affected the degrad-
ation rate of straw, while when the temperature was
higher, the yield and activity of microbial enzymes de-
creased, thus affecting the degradation rate (Aiba et al.
1973).

By studying the effect of the inoculation volume of
compound strains on the degradation rate of corn
straw (Fig. 8), it was found that the weight loss rate
of corn straw increased at first and then gently with
the increase of inoculation volume. When the inocu-
lation amount is in the range of 1-3%, the weight
loss rate of corn straw increases significantly; when
the inoculation volume reaches 3%, the maximum
weight loss rate of corn straw reaches 57.4%; and
when the inoculation volume is higher than 3%, the
weight loss rate of corn straw basically does not
change. The analysis shows that when the inoculation
volume is low, the main factor affecting the degrad-
ation rate is the low content of cellulase produced by
the bacteria, which affects the degradation rate of
corn straw; while when the inoculation volume is
higher than 3%, the nutrients in the culture medium
are quickly consumed, resulting in a decrease in the
yield and activity of the enzyme, thus affecting the
degradation rate.

By studying the effect of fermentation time of com-
pound strain on the degradation rate of corn straw
(Fig. 9), it was found that the weight loss rate of corn
straw increased at first and then tended to be stable
with the increase of fermentation days; when the fer-
mentation days were 1-7 days, the weight loss rate of
corn straw increased linearly and reached the max-
imum value of 59.79% on 7 days; with the continuous
increase of fermentation days, the weight loss rate of
corn straw increased slightly, but changed little. The
analysis showed that the nutrients were almost used
up in 7days, which affected the growth and
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Fig. 7 The effect of temperature of corn straw weightlessness rate
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metabolism of the complex bacteria, thus affecting
the yield of enzymes and then the degradation rate.

Through the study of the effect of loading amount
on the degradation rate of corn straw (Fig. 10), it was
found that the degradation rate of corn straw de-
creased gradually with the increase of loading amount
(Brock and Madigan 1988). When the loading amount
is in the range of 10-30%, the weight loss rate of
corn straw decreases slowly, but the weight loss rate
of corn straw decreases linearly with the increase of
loading amount. The analysis shows that with the
increase of loading quantity, the unit contact area
between material and enzyme decreases, which affects
the weight loss rate of corn straw (Wanderley et al.
2004).

Through the study of the effect of shaking speed on
the degradation rate of corn straw (Fig. 11), it was found
that the weight loss rate of corn straw increased and
then decreased with the increase of rotating speed.
When the rotational speed is in a lower range, the
weight loss rate of corn straw is lower, and when the ro-
tational speed reaches 180 rpm, the maximum degrad-
ation rate of corn straw is 57.84%. With the increase of
rotational speed, the degradation rate of corn straw
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o
o
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Time (d)

F

g. 9 The effect of time of corn straw weightlessness rate
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decreases gradually. The analysis shows that the rota-
tional speed affects the oxygen supply in the fermenta-
tion process; when the rotational speed is low, it cannot
provide sufficient oxygen, which affects the degradation
rate of corn straw; when the rotational speed is higher
than 180 rpm, it can inhibit the growth and reproduction
of bacteria.

For the sake of economy and practical operation, 7
days of fermentation was selected as the optimal culture
time, 30 g was selected as the best loading quantity, and
other factors were analyzed and optimized by response
surface.

Response surface experiment
According to the single factor experiment, the
optimization factors were determined as pH,
temperature, inoculation volume, and shaking speed,
and the response surface experiment was carried out.
Using the Design-expert8.0 software to carry on the
multiple regression fitting to the experimental data, the
binary multiple regression model of corn straw weight
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I I I I I )

Weightlessness rate (%)
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I

(=}

120 150 180 210 240
Shaking speed (rpm)

Fig. 11 The effect of shaking speed of corn straw
weightlessness rate

Page 8 of 15

loss rate on pH, temperature, inoculation volume, and
shaking speed was obtained (Tables 2 and 3).

Weight loss rate of corn straw

= 57.43 + 0.26A 4 0.83B 4 1.55C 4 1.23D - 1.70AB
-2.44AC-1.33AD + 0.085BC + 0.50BD + 1.32CD
-2.78A% - 1.96B> - 1.16C - 1.77D?

From the above analysis, we can see that the P value
of this model is less than 0.0001, indicating that it is ex-
tremely significant. This shows that the model fits well
and can be used to optimize the degradation process of
corn straw.

In the selected range, the effect relationship of each
factor is C > D > B > A, that is, inoculation volume >
shaking speed > temperature > pH; in which the P
values of C, D, AB, AC, A% B? and D? are all less than
0.01, indicating that C, D, and the quadratic terms AB,
AC, A% B? and D? have a very significant influence on
the experiment, while the P values of B, AD, CD, and C?
are less than 0.05, indicating a significant influence, as
shown in Fig. 12.

Combining the results of the above single factor exper-
iments and response surface analysis, Design-expert8
was used to select the optimal conditions of multi-
response values, and it was concluded that the optimal
process parameters were pH 7.07, temperature 30.19 °C,
inoculation amount 5%, and rotational speed 210 rpm.
The predicted value of weight loss rate of corn straw is
60.62%. Three groups of parallel experiments were de-
signed to verify the accuracy of the design results. Con-
sidering the actual operation, pH was set to 7, the
temperature was set to 30°C, the inoculation amount
was set to 5%, and the rotational speed was set to 210
rpm as the optimal process. Under these conditions, the
average weight loss rate of corn straw was 60.55%, which
was basically consistent with the predicted value, indi-
cating that the established regression equation could
truly and accurately reflect the effects of the above four
factors on corn straw degradation. It is proved that the
process condition is feasible.

Chemical analysis of biodegradation process of corn

straw

After continuous fermentation for 15 days, the cellulose
content, hemicellulose content, and lignin content of
corn straw were determined (Table 4).

Fourier transform infrared spectroscopy
The samples of corn straw at different stages of micro-
bial degradation were scanned by FTIR in 4000~1200
cm ™' band, and the results are shown in Fig. 13.

The infrared absorption peak shows that the hydroxyl
stretching vibration of hydrogen bond is formed in
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Table 2 Response surface experiment design and result analysis

Std A B C D Weightlessness

pH Temperature/°C Inoculation volume /% Shaking speed/rpm rate/%

1 7 28 4 150 50.27
2 7 28 3 180 4741
3 8 28 5 180 53.37
4 7.5 28 3 150 5298
5 8 31 4 180 5227
[§ 8 28 3 180 54.12
7 7 31 4 180 55.94
8 8 28 4 210 54.06
9 7.5 31 3 180 54.08
10 7.5 25 4 150 5248
" 7.5 31 5 180 56.57
12 7.5 28 5 210 5877
13 7.5 25 4 210 52.16
14 8 28 4 150 52.96
15 7 28 5 180 5642
16 7.5 28 4 180 57.27
17 7.5 28 4 180 57.38
18 7.5 28 4 180 57.36
19 7.5 25 3 180 5346
20 7.5 28 4 180 57.51
21 7 28 4 210 56.69
22 7 25 4 180 49.81
23 7.5 28 4 180 57.63
24 8 25 4 180 5294
25 7.5 31 4 210 54.60
26 7.5 28 3 210 5327
27 75 25 5 180 5561
28 7.5 31 4 150 5292
29 7.5 28 5 150 53.21

3450-3400 cm ™' band; one part of hydroxyl group is
carbohydrate; the other part is hydroxyl group containing
water. In addition, the peak also includes absorption peaks
stretching vibration of amino acid; 3010-2960 cm ™' band
indicates symmetrical and antisymmetric stretching vibra-
tion peaks of —CH3, —CH,, and —CH in carbohydrate, lig-
nin, and aliphatic compounds. The 1740-1720 cm™" band
is the C=0 stretching vibration of ketones and carboxylic
acid lipids, the 1680 cm™ band is the hydrogen bond de-
formation vibration of water molecules and the antisym-
metric stretching vibration of organic carboxylates, and
the absorption peak of 1510-1500 cm™* band is the aro-
matic ring skeleton vibration, which is mainly derived
from lignin and other compounds containing benzene
ring, The 14501420 cm ™" band is the deformation vibra-
tion of —CH, connected by double bonds or carbonyl

groups in lignin and aliphatic compounds and the absorp-
tion of inorganic NH**, NO™, and organic carboxylate
COO", while the absorption of 1330-1320 cm™* band is
the stretching vibration of —OH, mainly carbohydrates.

It can be seen from Fig. 13 that after 2 days of fermen-
tation, the intensity of absorption peaks near 3421 cm ™,
3008 cm™!, 2368 cm™!, and 1601 cm ™' decreased par-
tially, but the change was not significant, indicating that
the relative contents of hydroxyl, methyl, and methylene
decreased slightly, and the sources of these absorption
peaks mainly included carbohydrates such as cellulose,
hemicellulose, and some aliphatic compounds. Their
changes indicate that carbohydrates such as cellulose
and hemicellulose in corn straw may begin to decom-
pose gradually. The absorption peak at 1510-1500 cm ™
band is the vibration of aromatic ring skeleton, which
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Table 3 Regression and ANOVA table
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Variance source Sum of squares Degree of freedom Mean square F value P value Significance
Model 178.02 14 12.72 991 < 0.0001 **
A 0.84 1 0.84 0.66 04313

B 8.20 1 8.20 639 0.0241 *
C 2892 1 28.92 22.54 0.0003 **
D 18.08 1 18.08 14.09 0.0021 wx
AB 11.56 1 11.56 9.01 0.0095 **
AC 23.81 1 23.81 18.56 0.0007 **
AD 7.08 1 7.08 551 0.0341 *
BC 0.029 1 0.029 0.023 0.8829

BD 1.00 1 1.00 0.78 03923

CcD 6.94 1 6.94 541 0.0355 *
A° 50.18 1 50.18 39.10 < 0.0001 x*
B’ 24.89 1 24.89 19.39 0.0006 *x
c? 8.65 1 8.65 6.74 0.0211 *
D? 20.26 1 20.26 15.79 0.0014 **
Residual error 17.97 14 1.28

Missimulation 17.89 10 1.79 90.11 0.0003 **
Pure error 0.079 4 0.020

Total difference 195.99 28

*Difference was significant (P < 0.05)
**Difference was extremely significant (P < 0.01)

mainly comes from lignin and other compounds con-
taining benzene ring.

After 2days of fermentation, the relative absorption
intensity of the absorption peak at 1680 cm™ decreased
obviously, and the relative absorption intensity and peak
shape of the absorption peak at 1500 cm™ changed
greatly. Combined with the changes of these two absorp-
tion peaks, it is speculated that the lignin in the sample
may be degraded greatly, and the degradation range of
amide compounds is relatively large. On the 4th day of
fermentation, the peak shape at 1500 cm™ widened
slightly, the relative absorption intensity changed little,
and the relative absorption intensity of aromatic ring
near 1680 cm™* was slightly enhanced. It can be inferred
that the degradation of cellulose and hemicellulose was
relatively fast in the first 4 days of corn straw degrad-
ation by compound bacteria, thus increasing the relative
proportion of lignin. 3010-2960 cm™" represents the
symmetric and antisymmetric stretching vibration peaks
of —CHj3;, —CH,, and —CH in carbohydrates, lignin, and
aliphatic compounds. The absorption at 1330-1320
cm™! belongs to the stretching vibration of —OH and
comes from carbohydrates. After 6 days of fermentation,
the relative absorption of the absorption peak at 3008
cm™! was slightly weakened, and the relative absorption
intensity of 1510-1500cm™', which represented the
characteristic absorption peak of lignin, was also

weakened, which indicated that part of cellulose and
hemicellulose was continuously degraded, and the deg-
radation range of lignin was also increased at this stage.
The infrared spectrum of 8 days of fermentation changed
little compared with that of 6days of fermentation; it
can be inferred that the reaction system has approached
or reached the end point of fermentation, which is con-
sistent with the results of the determination of the main
components in the process of corn straw degradation.
Throughout the whole fermentation process, the shape
of the absorption peak at 34503400 cm ™" gradually be-
came sharp with the increase of fermentation time. This
is mainly due to the fact that the hydroxyl groups in or-
ganic compounds form intermolecular hydrogen bonds
in most cases, which exist in the form of association —
OH, so the peak shape is easily shifted to the direction
of low wavenumber due to the interference of amides
and crystal water. With the progress of fermentation, the
content of amide compounds in the substrate decreased
gradually. Therefore, the proportion of hydroxyl groups
of crystalline water or bound water in the inorganic
complex became larger and larger, and the absorption
peak became more and more sharp and shifted to the
direction of high wavenumber. The absorption peak at
1740-1720 cm™" is the C=O stretching vibration of car-
boxylic acid lipids and ketones in organic compounds.
With the progress of fermentation, some carboxylic



Gong et al. Annals of Microbiology (2020) 70:62

Page 11 of 15

weightlessness rate

BT

on corn straw

As The impact of pH and

weightlessness rate

weightlessness rate

C: Inoculation volume

weightlessness rate

D: Shanking speed

weightlessness rate

D: Shanking speed

T
%0

€ Inoculation valume

Fig. 12 Response surface figure
A

B: The impact of pH and the inoculation volume on con straw weightlessness rate contour and response surface

C: The impact of pH and shaking speed on com straw weightlessness rate contour and response surface

D: The impact of the inoculation volume and speed on corn straw weightlessness rate contour and response surface

weightlessness rate

weightlessness rate

=
=
o
il
202.30

7.12 720830

D: Shanking speed

weightlessness rate

g
B It

D: Shanking speed

esters are hydrolyzed, and carboxyl groups form carbox-
ylates with free cations. At the same time, it can also be
inferred that there may be no ketones formed by oxida-
tion in this fermentation process.

The study on the biodegradation of corn straw by in-
frared spectroscopy can reflect the decomposition
changes of the main substances in corn straw to some
extent, especially the changes of functional groups. Corn

straw contains carbohydrates, lignin, and organosilicide.
With the biodegradation of corn straw, the contents of
hydroxyl, methyl, and methylene decreased gradually, in-
dicating the degradation of cellulose and hemicellulose;
carboxyl groups existed in the form of carboxylates in
the process of fermentation, while some inorganic cat-
ions formed carbonates with CO, formed by the degrad-
ation of carbohydrates such as cellulose and
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Table 4 Changes of components during fermentation
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Fermentation days (days) Cellulose content (%)

Hemicellulose content (%) Lignin content (%)

0 3199 a
1 30.02 a
26.19b
2170 ¢
1472 d
1252 e
12 1191 e
15 10.88 e

O N U w

2533 a 14.67 a
2457 a 14.03 a
1852 b 1322 a
13.94 ¢ 1158 b
1248 ¢ 930 ¢
1133 ¢ 912 ¢
1093 ¢ 899 ¢
10.87 ¢ 882 ¢

Note: Different lowercase letters means significant difference at 0.05 level

hemicellulose (Steiner et al. 1988). As for the
polymerization of organic intermediates formed in the
degradation process, because of the complexity, it is dif-
ficult to distinguish by infrared spectroscopy alone,
which needs to be further analyzed by chemical and
other instrumental analysis methods.

The infrared spectrum analysis of the biodegradation
process of corn straw can not only reflect the decompos-
ition changes of the main components in corn straw to a
certain extent, but also reflect the general degradation
law of each component. These laws reflected by infrared
spectra are basically consistent with those reflected by
the previous determination of the chemical content of
the main components in the degradation process of corn
straw.

X-ray diffraction analysis

For the study of fiber structure, the two-phase structure
theory is generally adopted, that is, it is considered that
the microstructure of fiber is composed of crystalline re-
gion and non-crystalline region. In the crystalline region,
the macromolecules that make up the fiber are arranged
in order, while in the non-crystalline region, the macro-
molecules are disordered. The parameters characterizing
the fiber structure are generally polymerization degree,
chain length, crystallinity and crystallinity distribution,
orientation  degree = and  orientation  distribution,

-
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Fig. 13 FTIR of corn straw in different days of biodegradation

microstructure size, and so on, in which crystallinity is a
commonly used index. Among the various methods for de-
termining crystallinity, x-ray diffraction is the most widely
used, which has the characteristics of clear physical meaning
and reliable data (Mo et al. 1988).

As can be seen from Table 5, the initial crystallinity of
corn straw powder was 17.22%, which basically showed
an increasing trend in the first 6 days of fermentation,
and the crystallinity increased to 21.72%, which was sig-
nificantly higher than the level of crystallinity before fer-
mentation. The change trend of crystallinity shows that
at the beginning of biodegradation, the in situ complex
bacteria first act on the disordered non-crystalline region
of cellulose in corn stalk, or the hydrolysis ability of cel-
lulase secreted by in situ complex bacteria to the non-
crystalline region of cellulose is greater than that of the
crystalline region, and the rate of action on the non-
crystalline region is higher than that on the crystalline
region. At this stage, cellulase mainly hydrolyzes the
non-crystalline region of corn straw cellulose and per-
meates into the crystalline region, thus increasing the
crystallinity. When the fermentation lasted for 6 days,
the crystallinity of corn straw decreased again, which in-
dicated that the rate of cellulase acting on the
crystallization region was relatively increased due to the
infiltration of cellulase into cellulose macromolecules, so
the crystallinity decreased at this stage. In the subse-
quent fermentation process, the crystallinity of corn

Table 5 Crystallinity of corn straw fermented by in situ
compound bacteria for different time

Fermentation days (days) Crystallinity (%)

17.22

0

2 19.55
4 20.28
6 21.72
8 20.98
10 21.03
12 20.84

The data in the table are the average of three measurements
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straw showed a fluctuating trend. At the end of fermen-
tation, the crystallinity of corn straw decreased signifi-
cantly to 20.84%, but increased significantly compared
with that before fermentation. This shows that there are
both endonuclease and exonuclease components in the
cellulase secreted by the in situ complex bacteria, which
has an effect on both the crystalline region and the non-
crystalline region of corn straw cellulose, and this effect
is interactive and promotes each other. This makes the
crystallinity of corn straw change periodically in the
whole fermentation process. At the end of fermentation,
the crystallinity increased significantly compared with
that before fermentation, indicating that the degradation
degree of non-crystalline region of corn straw cellulose
by in situ complex bacteria was higher than that of crys-
talline region.

Scanning electron microscopic observation on the
degradation of corn straw

As shown in Figs. 14 and 15, corn straw completely dis-
integrated under the action of in situ complex bacteria,
which proved that the bacteria could degrade corn
straw.

From the electron microscopic observation on the
outer surface of corn straw at different degradation
stages, it was found that the waxy silicified layer became
thinner in the process of biodegradation, and the lower
epidermis began to appear faintly until almost all of the
waxy silicified layer disappeared. The lower epidermis is
completely exposed. Combined with the results of infra-
red absorption spectrum analysis of silicide in the solid
fermentation process of corn straw, it can be inferred
that in the process of biodegradation, the organic silicon
in corn straw gradually transformed into inorganic sili-
con, and the insoluble silicon gradually transformed into
soluble silicon, which eventually led to the disappearance
of a large number of silicified layer. The results of

100um

Fig. 14 Scanning electron microscope observation of corn straw
before degradation
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Fig. 15 Scanning electron microscope observation of corn straw

after degradation
. J

scanning electron microscope observation of corn straw
further confirmed that the in situ complex bacteria had
a strong ability to degrade and transform silicon in corn
stalk. This excellent characteristic of this in situ complex
microflora is extremely beneficial to the efficient degrad-
ation and feed utilization of corn straw.

Application of corn straw after fermentation

In this experiment, the microflora screened from the
humus soil in the alpine area for many years was applied
to this area, and the constructed in situ degradation
microflora will not cause the exotic flora to destroy the
microecology, which is of great significance in protecting
the environment and preventing the invasion of alien
species. In this experiment, three strains were flexibly se-
lected to produce complementary enzymes for the main
components of straw, so as to make the best use of
things and have high economic value. In line with the
principle of where to come from and where to use, the
straw degradation bacteria with good effect can be made
for different areas according to this test method, which
has a good reference for the magnification experiment,
and the degraded organic matter can be used as soil
fertilizer, which has a good effect on the growth of crops
planted in the second year. At present, this bacterial
agent has been tested in the field in the experimental
field of Heilongjiang Academy of Agricultural Sciences.
In the later stage, we will make statistics after picking.

Conclusion

In this paper, corn straw composed of cellulose (31.99
%), hemicellulose (25.33 %), and lignin (14.67 %) was se-
lected, and three strains of actinomycetes screened from
the same sample were used. Through the determination
of enzyme activity, strain Streptomyces sp. G1* had high
decomposition ability to cellulose and hemicellulose but
weak utilization ability to lignin. The decomposing
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ability of strain Streptomyces sp. G2 to cellulose and
hemicellulose was the strongest among the three strains,
while the decomposing ability of strain Streptomyces sp.
G3" to lignin was the strongest among the three strains.
The optimal process conditions obtained by single factor
and response surface method are as follows: pH is 7,
temperature is 30°C, inoculation amount is 5%, rota-
tional speed is 210 rpm, and the weight loss rate of straw
is 60.55%. The degradation efficiency was analyzed by
Fourier transform infrared spectrometer, field emission
scanning electron microscope, and X-ray diffractometer.
The results showed that the in situ degradation bacteria
constructed in this paper had excellent decomposing ef-
fect on corn straw. Further research should be carried
out magnification test, in order to make the in situ com-
plex flora adapt to various climatic temperatures,
through the adaptive evolution of microorganisms, to
achieve the best application effect.
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