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gro-residues (corn crop waste) on
lignin-degrading enzyme activities, growth, and
quality of Lentinula edodes

Shuai Xu,a Fei Wang,a Yongping Fu,a Dan Li,a Xiaozhong Sun,b Changtian Li,a

Bing Song *a and Yu Li*a

Using agro-residues in bioreactors to produce mushrooms is an important component of eco-agriculture.

Here, we tested the cultivation of Lentinula edodes with corn cob (CC) and corn straw (CS), and then

evaluated the resulting enzyme activities, agronomic traits, textures and nutrient compositions of

mushrooms. Laccase (T1 formula, 3.26 g U�1) and carboxymethyl cellulase (T3 formula, 1.01 g U�1)

activities were the highest at the time for a complete substrate colonization stage (TCSC), while acidic

xylanase activity was the highest (CK formula, 4.05 g U�1) in the mushroom block to color-turned

(TMBCT) stage. The biological efficiency of growth on the T6 formula was 8.82% higher than growth on

the CK formula, wherein the low C/N ratio of the substrate had an obvious negative effect on yield while

the mass ratio of pileus (MRP) of fruiting bodies did not change with mixed substrates. No significant

differences were observed in mineral composition for CK formulas, but corn crop waste (CCW) formulas

exhibited more optimal nutritional contents. A formula containing more corn cob and sawdust (SD) (sum

of at least 70%) as the substrate can produce fruiting bodies with good hardness. These results indicate

that the use of corn cobs as the main ingredient, mixed with sawdust and corn straw to grow L. edodes

provides a more efficient use of agro-residues for growth. Thus, mixed agro-residue formulas have

exceptional advantages in texture, nutrition of fruiting bodies, and yields.
1. Introduction

Fermentation activity is a product of the natural development of
human civilization.1 Macrofungi are very important species that
use mycelia to undergo solid-state fermentation (SSF) and
produce characteristic fruiting bodies.2 Indeed, macrofungi
grow on every type of organic matter and recycle substrate
nutrients. Lentinula edodes, commonly known as shiitake
mushrooms, are a highly sought aer, edible, and valuable
mushroom that are widely cultivated in China (10.43 million
tons per year), Japan, and South Korea.3 L. edodes contains an
abundance of eritadenine that can help maintain low blood
pressure in humans.4 Likewise, vitamin B12 is the only known
vitamin that contains metallic elements and is solely synthe-
sized naturally by microorganisms, such as L. edodes. Indeed, it
can be important for vegetarians to consume L. edodes, because
vegetables do not contain vitamin B12 and its deciency can
cause anaemia.5 In addition, lentinan produced by L. edodes
exhibits immunopotentiation effects and can exert anti-tumor
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activities by enhancing normal bodily immune functions,
although it cannot directly kill tumor cells.6

The highest plantation areas of maize exist in North
America followed by Asia, Latin America, and Europe. There
are over 3000 types of processed products made from maize.
Concomitantly, signicant amounts of corn crop waste (CCW)
are produced from such activities. In China, agro-residues are
abandoned to decay in elds or otherwise burned, thereby
resulting in major air pollution.7,8 However, CCW, like other
lignocellulose materials, are excellent substrates that can
grow white-rot fungi. At the same time, timber has been
strictly controlled by Chinese governments as a forest
resource (index number: 000014672/2018-00466). In 2018, the
Chinese government amended and implemented regulations
to strictly control the utilization of forest resources, which
then increased the cost of L. edodes cultivation. Thus, the
popularization of cultivating shiitake via agricultural waste is
urgently needed. In addition, the conversion speeds of
biomass must be accelerated from scientic theory to appli-
cation technology. Indeed, several studies have conducted
experiments using different types of agricultural wastes to
grow mushrooms.9–11 Nevertheless, traditional methods for
selecting formulas have become outdated.

In this study, major agricultural wastes from northeast
China including CS (corn straw) and CC (corn cob), were mixed
This journal is © The Royal Society of Chemistry 2020
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View Article Online
with sawdust (SD) to grow shiitake mushrooms. The overall
aim of the study was to identify variation in enzyme activities
and bioconversion efficiencies during SSF with L. edodes
grown on different CCW formulas, the enzyme secreted by
mushroom through the SSF play an interesting role in the
detoxication of solid-state waste materials which can be used
for different applications according to the circular economy,
such as these enzymes could be used in the improvement of
fodder quality.10 To evaluate the inherent differences in
growth between straw formulas, several types of data were
measured including three enzymatic activities (laccase, car-
boxymethyl cellulose, and acidic xylanases), texture that is
typically used to evaluate food quality in food science,12 and
agronomic character to identify agronomic characteristic
differences. The overall approach used here was to evaluate the
specic characteristics (morphology and physiology) of
mushroom growth to identify optimal approaches for
cultivation.
2. Materials and methods
2.1 Mushroom cultivation and preparation

The L. edodes strain 135 (cultivated) was obtained from the
Agricultural Culture Collection of China (Beijing) (Number:
ACCC50903). A stock culture was maintained on substrate
comprising 78% sawdust, 20% wheat bran, 1% gypsum, and 1%
lime that was incubated for 30 d at 25 �C in the dark. Spawn
were stored at 4 �C until further use.9

Six different formula were used to grow L. edodes comprising
corn cob, corn straw, and sawdust, incorporated with a simplex-
lattice design. The CK formula comprised 80% sawdust, 18%
wheat bran, 1% gypsum, 0.5% lime, and 0.5% sugar.13 The
moisture content of each formula was maintained at 60% with
a natural pH (the pH was 4.5 � 0.5 aer mycelium full coloni-
zation of bags). Further, corn cob, corn straw, and sawdust
varied in proportion, while the concentrations of auxiliary
materials were consistent across treatments (Table 1).

Well-mixed substrates were placed in mushroom bags
(2000 g, polyethylene bag 17 cm � 55 cm � 0.03 cm) was then
autoclaved at 121 �C for 3 h, and one interior low-pressure
polyethylene bag (15 cm � 55 cm � 0.05 cm) was used aer
inoculated under aseptic conditions.14
Table 1 Cultivation materials of L. edodesa

Formulas CC CS SD Wheat bran Gypsum Lime

CK 0 0 80 18 1 0.5
T1 10 40 30 18 1 0.5
T2 25 10 45 18 1 0.5
T3 25 25 30 18 1 0.5
T4 10 10 60 18 1 0.5
T5 10 25 45 18 1 0.5
T6 40 10 30 18 1 0.5

a CC: corn cob; CS: corn straw; SD: sawdust.

This journal is © The Royal Society of Chemistry 2020
2.2 Enzyme activity assays and the determination of
agronomic traits

2.2.1 Enzymatic measurements. Substrate samples
(100.00 g, then grate the samples in liquid nitrogen) were taken
from inside of the mushroom bags during the time for complete
substrate colonization (TCSC) and time for the mushroom
block to color-turned (TMBCT) periods. Additional samples (0.1
g) were taken from mushroom roots during the time for inoc-
ulation to harvest (TIH) period to accurately determine changes
in enzyme activities in seven formulas. Each culture substrate
experiment was repeated in triplicate. Samples were then
quickly frozen in liquid nitrogen and stored at �80 �C until
further use. Substrates were later thawed at 4 �C and homoge-
nized in ice water bath. Homogenous substrates were then
centrifuged at 8000 or 10 000 g for 10 min at 4 �C and the
supernatants were used to determine enzyme activity.

The three enzymatic activities were investigated using
commercial test kits (Suzhou Comin Biotechnology Company
Limited, China) following the manufacturer's instruction.
Briey, laccase activity was determined using the 2,20-azinobis-
(3-ethylbenzthiazoline-6-sulphonate) (ABTS) method for
measuring free radical increases.15 Acidic xylanase activity was
measured by evaluating acidic xylanase reduction of xylan to
monosaccharides under acidic conditions, resulting in a color-
change of 3,5-dinitrosalicylic acid (DNS) with the mono-
saccharides in aqueous solutions that can then be used to
calculate acidic xylanase activity.16 Cellulase activity was
measured using anthrone colorimetry.17

2.2.2 Harvesting, determination of agronomic traits, and
biological efficiency. The inoculated mushroom bags were
incubated at 25 �C in the dark and in a clean room under
natural conditions until mycelium fully colonized the bags. To
generate tumor-shape nodules, incandescent lamps were
turned on. Mushroom blocks then turned color and mushroom
primordia formed at about 90 days. Mushrooms were harvested
from the substrate aer removal from the polyethylene bag and
maintained at room temperature (20–25 �C) with constant
moisture in the range of 75–85%. Three periods of fresh fruiting
bodies (rst ush, second ush, and third ush) were obtained
based on the NY/T 1061-2006 L. edodes grade standard, as
issued by the Ministry of Agriculture in China.18 At the end of
three harvesting periods at about 120 days, mushroom yields
Sugar
Carbon source
content/g per 100 g

Nitrogen source
content/g per 100 g C/N value

0.5 36.04 0.85 42.29
0.5 42.10 1.12 37.68
0.5 42.60 0.92 46.27
0.5 42.14 1.02 41.33
0.5 43.01 0.92 46.79
0.5 42.55 1.01 41.80
0.5 42.18 0.92 45.75

RSC Adv., 2020, 10, 9798–9807 | 9799
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were recorded to calculate biological efficiencies (BE), wherein
BE (%) ¼ (weight of fresh mushrooms harvested/substrate dry
matter content)� 100%. Pileus thickness (PT), pileus diameters
(PD), stipe lengths (SL) and stipe diameters (SDT) of single
fruiting bodies were recorded using a Digital Vernier Caliper.
The mass ratio of pileus (MRP) was then calculated as MRP ¼
weight of pileus/weight of single fruiting body.
2.3 Analysis of texture and nutrients

2.3.1 Texture measurements. The pileus of fruiting bodies
was cut into 8 cm3 cubes and stored at 4 �C until further use.
Hardness (one of the indicators of taste), springiness (recovery-
height of pileus between the end of the rst bite and the
beginning of the second bite), chewiness (the energy required to
chew food), and resilience (index of restoration deformation)
were selected as the four indices to analyze mushroom quali-
ties. A texture analyzer (TA.XT Plus Texture Analyzer, made by
Stable Micro System Company, UK) was used to evaluate the
above characteristics with a P35 probe, a pre-test rate of 2 mm
s�1, a mid-test rate of 2 mm s�1, a post-test rate of 10 mm s�1,
a compression ratio of 40%, a shear induction force of 5 g, and
a probe 2 measurement interval of 5 s, with an automatic trigger
type.

2.3.2 Primary nutrient and elemental analysis. Aer har-
vesting, the fruiting bodies were placed into a drying oven and
dried to a constant weight at 50 �C. The fruiting bodies (100 g)
were then pulverized, sieved with a 200 mesh sieve, and stored
at 4 �C for further use.9 Protein concentrations were determined
using the Kjeldahl method (Kjeltec™ 8000, Foss, Hilleroed,
Denmark)19 and fatty acid contents were analyzed using
a Soxhlet extractor system (Automatic Fats Analyzer, model
2050, Foss, Hilleroed, Denmark). Total sugar was also deter-
mined using the Watt and Merrill method and an ultraviolet-
visible spectrophotometer (model T6, New Century, Beijing
General Instrument Co., Ltd., Beijing, China). Eight trace
elements and four heavy metals common to mushroom fruiting
bodies were lastly determined using an inductively coupled
plasma mass spectrometer (model 7700� ICP-MS, Agilent,
Fig. 1 Radar map of enzymatic activity trends (units: U g�1). Each hexagon
numbers in the figure are the enzymatic activities during the TCSC, TMBC
activity and carboxymethyl cellulase activity are shown from left to right

9800 | RSC Adv., 2020, 10, 9798–9807
Santa Clara, CA, USA). Further, the amino acids of the dried
fruiting body powder were analyzed with an amino acid analyzer
(model Hitachi L8900, Hitachi High Technologies America Inc.,
Schaumberg, IL, USA; ion-exchanged resin). All chemical tests
were performed at the Jilin Province Quality Inspection
Institute.

3 Results and discussion
3.1 Enzyme activities

Changes in enzymatic activities among different mixture
formulations were the highest during the TCSC period, and
decreased during TMBCT. Activities were also higher in the
third stage, but were still lower than in the rst stage. Changes
in enzymatic activity among different formulations also varied
due to different enzyme types.

Laccase enzymatic activity was much higher than that of acid
xylanase and carboxymethyl cellulase in the three growth stages
of L. edodes. No signicant differences in activity were observed
among formulations during the same period, although
considerable differences were observed among different stages.
The highest differences were observed for the T1 formulation,
which exhibited an activity of 3.26 U g�1 during the rst stage
and only 0.05 U g�1 during the TMBCT stage.

In contrast to laccase, acidic xylanase activities exhibited
high variation. Only a few fungi can produce acidic xylanase
under acidic conditions to synthesize sugars for growth. The T1,
T2, T3, and T4 formula activities were the highest in the TCSC
periods, while the T5, T6, and CK formula activities were the
highest in the TMBCT stage. The highest activity during the
TMBCT stage for the CK formula was 4.05 U g�1, and the lowest
was 0.4 U g�1 for mushrooms grown on the T2 formula. The
higher levels of sawdust and corn cob in the T5, T6, and CK
formulas could alter some of the physical and chemical prop-
erties in the bags, and thus explain the differences in acid
xylanase activity.

Lastly, carboxymethyl cellulase activities behaved similarly
to that of laccase. Cellulase high–low curves were observed
during the three growth stages of L. edodes, but were much
-separated unit in the picture is a base-10 logarithm (Y0 ¼ log 10Y). The
T, and TIH for growth on seven formulas. Laccase activity, acid xylanase
.

This journal is © The Royal Society of Chemistry 2020

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c9ra10405d


Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

6 
M

ar
ch

 2
02

0.
 D

ow
nl

oa
de

d 
on

 7
/2

8/
20

25
 2

:4
1:

02
 P

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
lower than that of laccase. The maximum cellulase activity was
observed for the T4 formulation, but was only 0.95 U g�1 (Fig. 1).

Evaluation of three enzyme types produced by white rot
fungus during SSF,20,21 indicated that laccase and carbox-
ymethyl cellulase were important in the rst growth stage of L.
edodes. The above enzymes decompose lignin and cellulose
from sawdust and corn straw.22,23 During the mycelial growth
stage of L. edodes, abundant enzymes were secreted to decom-
pose substrates and fuel mycelial growth.24 Mycelium activity
was weak during TMBCT indicating that the enzymes produced
by mycelium could only be used to maintain living cells and
complete physiological structure changes on cell surfaces, bags
as nutrient supplier has reached the saturation of mycelial
growth. Mycelial activities have become intense for complete
the reproductive growth process during TIH, their secreting
more laccase and carboxymethyl cellulase to decompose ligno-
cellulose in the substrate to form fruiting bodies. Differences in
endocrine enzyme activities in bags obviously differed due to
treatment ingredients. T1 (10% CC, 40% CS, 30% SD) formula
with the highest corn straw proportion and has the highest
laccase activity (3.26 U g�1-TCSC; 0.32 U g�1-TIH), CK formula
without straw supplement had the lowest enzyme activity at
TCSC stage, its indicated that straw supplement in mixed
substrate may lead to more laccase secretion when mycelia
ourishing. Acid xylanase activity results showed that the more
sawdust in the substrate, the higher the acid xylanase activity at
all three stage (CK:80% SD > T4:60% SD > T1:30% SD). Although
relation between carboxymethyl cellulases and supplement was
not observed that mixture could completely affect the mycelial
secretion of L. edode.
Fig. 2 Scatter plot of agronomic characteristics of fruiting bodies. A
(cm): pileus diameters, B (cm): pileus thicknesses, C (g): single fruiting
body weights.
3.2 Effects of substrates on L. edodes fruiting bodies

Agronomic traits were evaluated to identify the CCW decom-
position capacity of L. edodes for different formulas. BE%
trended with formulas as follows: T3 < T1 < T2 < CK < T5 < T4 <
T6, wherein the C/N ratios of the T1 and T3 treatments were
lower than that of CK (80% SD), while the C/N ratios of T6 (40%
CC, 10% CS, and 30% SD) was higher than (8.18%) CK. The PT
of the T2 and T3 treatments reached 1.25 cm, with T2, T3, and
T5 all exhibiting thicker PT. In addition, the PD values for these
three treatments were small. The longest SL value was observed
for T3 at 3.26 cm. Nevertheless, statistical analysis indicated
Table 2 Fruiting body traits of L. edodes in different formulasa

Formulas CK T1 T2 T

PT (cm) 1.20 � 0.04ab 1.22 � 0.04ab 1.25 � 0.08a 1
PD (cm) 5.29 � 0.56abc 4.77 � 0.33bc 4.94 � 0.18abc 4
SL (cm) 3.19 � 0.19ab 2.99 � 0.32ab 3.01 � 0.26ab 3
SDT (cm) 1.34 � 0.09ab 1.26 � 0.06b 1.39 � 0.08ab 1
BE (%) 54.77 � 1.85c 50.47 � 1.28d 53.82 � 2.02c 4
MRP 0.85 0.86 0.86 0

a BE (%) ¼ (weight of fresh mushrooms harvested/substrate dry matter co
(SL), stipe diameter (SDT), mass ratio of pileus (MRP)¼ (weight of pileus/w
column and rank indicate signicant differences (P < 0.05).

This journal is © The Royal Society of Chemistry 2020
little difference between SL and SDT values among mushrooms
grown with different formulas. Pileus weights also varied with
single fruiting body sizes and MRP varied independent of
formula treatments and generally remained in the range of 0.85
� 0.1. Increasing weights of fruiting bodies varied with PT and
PD over a particular range (e.g., similar weights exhibited
a relationship between high PD and low PT). Thus, the density
of L. edodes fruiting bodies remained unchanged (Table 2 and
Fig. 2).

For statistical analysis of agronomic traits, we focused on
comparing the yield distribution and the weight of single
fruiting bodies produced by each formula.25 The rst and
second ush signicantly contributed to the ultimate BE%
values (Fig. 3). The yield for the T6 formula was slightly higher
than those of other formulas in the rst and second ushes.
Although the yield from the CK formula was not clearly high in
the 1st and 2nd ushes, the yield of the 3rd ush was higher
than those for the other formulas. The traditional formula
3 T4 T5 T6

.25 � 0.03a 1.20 � 0.04ab 1.21 � 0.03ab 1.17 � 0.03b

.42 � 0.95c 5.94 � 0.88a 5.23 � 0.56abc 5.76 � 0.52ab

.26 � 0.17a 2.83 � 0.23b 3.07 � 0.10ab 3.24 � 0.31ab

.31 � 0.14ab 1.28 � 0.10a 1.34 � 0.07ab 1.45 � 0.10a

9.94 � 1.34d 61.22 � 1.35ab 59.67 � 2.26b 63.59 � 2.13a

.86 0.86 0.84 0.85

ntent) � 100%. Pileus thickness (PT), pileus diameter (PD), stipe length
eight of single fruiting body)� 100%. Different letters (a–d) in the same

RSC Adv., 2020, 10, 9798–9807 | 9801
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Fig. 3 Column map of yield distributions (units: g per bag). Yield distributions for the third, second, and first flushes are shown from top to
bottom, respectively. Solid lines in columns shown margins of error. To facilitate comparisons, data are provided in the table below the graph.
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exhibited an average yield, while the stalk formula in the
experiment exhibited insufficient stamina. It should be noted
that the requirements of mushroom cultivation in factories
differs from that of farmers. Factories try to obtain high quality
mushrooms over short times (e.g. the 1st and 2nd ushes),
while farmers oen look for further benets and harvest until
the 4th ush.26 (Fig. 3).
Fig. 4 Scatter plot of single fruiting body weights. Ranges of values for
Ordinate: weight of single fruiting body (units: g). The middle white point
and the lower edge is the lower quartile.

9802 | RSC Adv., 2020, 10, 9798–9807
Suboptimal mushroom sizes produced in straw formulations
affects mushroom prices.27 Thus, mushroom size should be
considered in addition to yield28 when considering optimal
growth formula. The T1 and T2 formulas did not provide the
highest yields, but did produce larger fruiting bodies (Fig. 4).
The median weight of the fruiting body of fresh mushrooms for
the T2 formula was 23.9 g, and only the T4 formula exhibited
weights of T1, T2, T3, T4, T5, T6 and CK formulas. Abscissa: formulas.
is the median, the upper edge of the black matrix is the upper quartile,

This journal is © The Royal Society of Chemistry 2020

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c9ra10405d


T
ab

le
3

L.
e
d
o
d
e
s
te
xt
u
re
s
w
h
e
n
g
ro
w
n
w
it
h
d
iff
e
re
n
t
fo
rm

u
la
sa

C
K

T
1

T
2

T
3

T
4

T
5

T
6

H
ar
dn

es
s
(g
)

48
15

.9
7
�

14
67

.5
9a

b
27

44
.6
6
�

29
0.
56

c
61

82
.5
9
�

85
0.
60

a
39

57
.0
9
�

29
5.
30

b
c

55
05

.1
9
�

11
77

.9
8a

b
43

44
.5
0
�

10
83

.5
7b

c
53

69
.8
8
�

63
5.
48

ab

Sp
ri
n
gi
n
es
s
(%

)
61

.3
1
�

0.
65

a
56

.8
4
�

1.
31

b
c

61
.9
4
�

0.
49

a
59

.3
4
�

0.
63

ab
56

.6
7
�

3.
11

c
61

.0
8
�

1.
82

a
59

.8
2
�

0.
05

a

C
h
ew

in
es
s
(g

se
c)

20
0
25

1.
58

�
65

17
5.
23

ab
10

6
46

1.
60

�
13

46
0.
38

c
25

5
29

0.
80

�
34

41
7.
27

a
15

9
87

7.
35

�
13

60
9.
95

b
c
21

5
17

8.
18

�
55

36
4.
95

ab
19

8
02

3.
46

�
20

01
6.
41

ab
21

8
77

6.
22

�
24

93
2.
66

ab

R
es
il
ie
n
ce

(g
)

29
62

.2
6
�

93
1.
25

ab
c

15
63

.7
4
�

20
1.
05

d
38

24
.9
9
�

49
6.
27

a
23

49
.8
3
�

20
0.
20

cd
32

74
.6
8
�

72
0.
12

ab
28

68
.3
9
�

22
6.
30

b
c

32
11

.9
7
�

37
7.
54

ab
c

a
D
iff
er
en

t
le
tt
er
s
(a
–d

)
in

th
e
sa
m
e
co
lu
m
n
an

d
ra
n
k
in
di
ca
te

si
gn

i
ca
n
t
di
ff
er
en

ce
s
(P

<
0.
05

).

This journal is © The Royal Society of Chemistry 2020

Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

6 
M

ar
ch

 2
02

0.
 D

ow
nl

oa
de

d 
on

 7
/2

8/
20

25
 2

:4
1:

02
 P

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
a higher value than this. Although the T4, T5 and T6 formulas
produced higher yields, the fresh mushroom fruiting bodies
produced by these formulas were smaller, and most of the
fruiting bodies ranged from 16.8 g and 20 g. The fresh mush-
room weights produced by high yield formulas tended to vary
little, while the fresh mushroom weights produced by formulas
with lower yield varied considerably. Consequently, if large
mushrooms are desired by consumers, the T1 and T5 growth
formula are the best choices. However, the quality of small
mushrooms produced by the T6 formula can oen sell at higher
prices. Scatter plot analysis revealed the reasons underlying the
high yield of T6 (Fig. 4).

Previous study showed that the C/N ratio signicantly
impacted yields.29 In this research, T1 formula have the lowest
BE%, which also have the lowest C/N. However, T2 with the
highest C/N yield is not the highest, in the mixture substrate,
the T2, T5, T6, appear to be more favorable because they C/N
ratio stabilizing at 45.00 � 1.00, C/N ratio of mixture should
stable within a certain range, and lead to a high BE%. The
results of yield distribution showed that supplement for
mixture substrate varies from purposes, the traditional formula
exhibits advantages in long-term mushroom production
capacity in early stages that oen meet industrial requirements
(costs raise as longer harvesting period). Although the yield of
T1, T2 and T5 formulas did not reach the highest level, they did
produce larger fruiting bodies (weight of single fresh fruiting
body was larger than 60 g). The yield of T4 and T6 formula was
higher than others. The scatter plot analysis reveals that the
reason for the high yield is that the weight of single fruiting
body varies in a small range near the median (scatter plot
appears to be enlarged in the middle). The yield in mixture
substrate varies inversely with the extent weight (high extent
leads to low yield). No interesting results were observed in
fruiting bodies traits, because they are intensely vulnerable to
changes in environment condition. But, MRP was rstly pre-
sented and found that its numerical value stabilized at 0.85 �
0.01 and did not change with formulas. MRP may respond to
changes in strains, MMR as a parameter can apply it to
screening high-quality strains. MRP may be the golden ratio in
L. edodes.
3.3 Effects of substrates on L. edodes texture

Texture is an articial taste recognition property that can help
describe food characteristics.30 The formulas produced mush-
rooms with hardness in the trend of T2 > T4 > T6 > CK > T5 > T3
> T1. The hardness of mushrooms grown with the T1 formula
(10% CC, 40% CS, and 30% SD) was only 2744.46 g and 55%
lower than those grown with the T2 formula (25% CC, 10% CS,
and 45% SD). The springiness index values of mushrooms
grown with the CK and T5 formulas were 61.31% and 61.08%,
which were higher than mushrooms grown with other formu-
lations. The chewiness of T1 mushrooms was two-fold smaller
than CK mushrooms, and springiness varied little (within 5%),
indicating that the resilience of fresh mushrooms grown by the
T1 formula was the lowest. Hardness and chewiness are two
indicators requiring additional attention. Lower chewiness
RSC Adv., 2020, 10, 9798–9807 | 9803
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leads to lower energy consumption. In addition, the hardness of
mushrooms is related to the cellulose and lignin content of the
growth substrates.31 The T1 formula contained the largest
amount of corn straw, while the T6 formula contained the
highest amount of corn cob. The T4 formula had the highest
amount of sawdust besides the traditional formula. The hard-
ness and granularity of sawdust and corn cob materials are
much higher than for corn straw, and thus the lignin content of
sawdust and corn cob is much higher than that of corn straw.
When the mixture formulas only contained 10% corn straw, the
hardness of L. edodes fruiting bodies was higher (Table 3).

The taste evaluation of SSF products-L. edodes – oen
represent the characteristic of mixture substrates. However,
the process is cumbersome and complex, it would be conve-
nient to replace this process with texture test. The small
particle size of corn straw affects gas ow in the bags, thereby
affecting the complex process of fruiting body formation.32

Consequently, mixed formulas produced mushrooms with
higher hardness than did CK. The addition of corn cobs in the
bags signicantly affected the hardness and resilience of fresh
mushrooms. Hardness is one of the main indices to evaluate
mushroom growth, because higher hardness leads to better
fresh mushroom shapes due to the long-distance transport of
L. edodes.33,34
3.4 Effects of substrates on the nutritional and mineral
compositions of L. edodes

The potential for shiitake to enrich mineral elements and
nutrients was a primary focus of our study.35,36 The T6 formula
produced mushrooms with the highest contents of calcium,
manganese, and iron and also produced mushrooms with
higher contents of other elements except selenium. Iron,
copper, and zinc contents were the highest in T5 mushrooms
(10% CC, 25% CS, and 45% SD). Sodium, magnesium, and
manganese contents were the highest in the CK formula. When
planting corn, chemical fertilizers increase the contents of
harmful elements in the straw, thereby affecting elemental
compositions in the fruiting bodies of mushrooms. CCW had
no effect on the harmful element contents within L. edodes, but
exhibited promotion of zinc and selenium contents, while
harmful elements in these mushrooms remained at concen-
trations lower than the Chinese standard (National Standards of
the People's Republic of China, GB 2762-2017).14

L. edodes fruiting bodies contained low fat contents, but high
crude protein and total sugar contents.37 The carbon and
nitrogen contents of substrates affect the nutrition of fruiting
bodies, and especially the characteristics of sugars and amino
acids.14 Previous studies have shown that as the proportion of
corn stalks increased, total and essential amino acid contents
rst increased and then decreased during mushroom growth.9

Sugar content ranged in the trend of: T2 > T4 > T3 > T1 > T5 > T6
> CK. In contrast, crude protein and fat contents did not
signicantly differ among groups. Although the C/N ratio of the
CK formula is suitable for L. edodes growth, its carbon and
nitrogen contents were low, leading to inferior nutrient
compositions in the fruiting bodies compared with stalk
This journal is © The Royal Society of Chemistry 2020
formulas. Amino acid types were the same across formulas, but
their abundances varied. Glu, Gly, Val, Ile, Leu, Phe, Lys, His,
and Arg content was the highest in T2 mushrooms, while Ser,
Glu, Gly, Ala, Val, Met, Ile, Leu, Tyr, Phe, Lys, His, and Arg
content was lowest in T6 mushrooms (Table 4).

Metal toxicity in CCW could to be the limiting factors in L.
edodes cultivation,38 but there was no signicant difference
between CK and CCW formulas. Carbon content in substrate
directly affects total sugar content in fruiting bodies, content of
total sugar in CK formula was only 35.60%, 8.72% lower than T2
(38.30%). The content of total sugar in the rest of all CCW
formulas stabilized at 37.00% � 1.00. Carbon and nitrogen
content did not affect amino acid contents. Thus, the use ofmixed
CCS substrates to grow L. edodes will not affect the elemental
composition of fruiting bodies, and preserves their excellent
characteristics including low fat and high protein content, thereby
amplifying the advantages of mixture formulations.

4. Conclusions

Cultivation of mushrooms on mixed substrates fully utilizes
agro-residues, while excessive straw formulas do not favor the
growth of mushrooms due to low C/N ratios. However, when
corn cob contents are increased, the resulting CCW formulas
exhibit greater advantages than the traditional formula. The
specic disadvantages of using CCW is that it cannot maintain
yield stabilities and the activities of acid xylanase changes with
formulations, while laccase and carboxymethyl cellulase activity
trends remain unchanged. Our analyses indicate that the T6
(40% CC, 10% CS, and 30% SD) formula can partially replace
the traditional formula and provides an easily available
substrate for L. edodes cultivation.
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