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Abstract

Grifola frondosa is an economically important edible and medicinal mushroom usually produced on substrate
consisting of sawdust supplemented with wheat bran. Cultivation of G. frondosa on crop straw (corn cob, corn straw,
rice straw, and soybean straw) as a substrate was optimized by using the D-optimum method of the simplex-lattice
design, and the alternative of crop straw as a substitute for sawdust in the substrate composition was determined by
the optimized model. The results showed that there was a significant positive correlation existing between the yield
and corn cob. The growth cycle was negatively correlated with sawdust, corn cob and soybean straw, with sawdust
significantly shortening the growth cycle of G. frondosa. The optimized high-yielding formula included 73.125% corn

Biological efficiency

cob, 1.875% rice straw, 23% wheat bran and 2% light calcium carbonate (CaCO5) (C/N =48.40). The average yield

of the first flush was 134.72 £ 4.24 g/bag, which was increased by 39.97% compared with the control formula. The
biological efficiency (BE) was 44.91 &+ 1.41%, which was increased by 38.53% compared with the control. Based on the
results of this study, corn cob can replace sawdust as one of the main cultivation substrates of G. frondosa.
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Introduction

Grifola frondosa (Dicks.) Gray, named “Maitake” in Japan,
is a rare edible and medicinal fungi mainly cultivated in
China, Japan and Korea (Park et al. 2015). It has a high
nutritional composition with compounds such as poly-
saccharides, proteins, unsaturated fatty acids, vitamins,
and trace elements (Gu et al. 2007; Illana-Esteban 2008;
Montoya et al. 2012). It also has a wide range of bioactive
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and indicate if changes were made.

compounds (Shin and Lee 2014) which has been reported
to have hypoglycaemic effects, anti-cancer properties,
antiviral properties, antioxidant effects, immunomodula-
tory effects, anti-inflammatory activities, anti-cholesterol
or cholesterol-lowering effects, as well as the ability to
reduce blood pressure and protect the liver (Vetvicka and
Vetvickova 2014; Ding et al. 2016; Lin et al. 2016). Due to
the unique properties of G. frondosa, it has become a reg-
ular healthy food for consumption with a high demand in
many countries such as the USA, Canada, Australia and
some countries in Europe (Mayell 2001). The commercial
profitability of this mushroom has significantly increased,
necessitating a rapid expansion in its cultivation in China
and other parts of the world.
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Grifola frondosa is a wood-rot fungus, which grows on
standing and dead wood. It acquires nutrients for growth
and development by the degradation of lignocellulosic
materials (Montoya et al. 2012; Yang et al. 2013a). Con-
ventional cultivation is on deciduous hardwood sawdust
or a mixture of assorted sawdust and cottonseed hulls
(Ainsworth et al. 2008). However, recent efforts concern-
ing the protection of forest resources, together with the
high demand and rising price of both sawdust and cot-
tonseed hulls have posed a challenge to commercial culti-
vation of G. frondosa using sawdust.

It is therefore important to find the above substrate alter-
natives that are equally suitable and cost-effective for the
commercial production of G. frondosa. Currently, large
tonnages of unexploited lignocellulosic agro-residues are
available globally. For example, in China agro-residues are
abandoned to decay in the field and sometimes disposed of
through mass burning which is a major cause of air pollu-
tion in China (Yang et al. 2012; Hu et al. 2017; Teng et al.
2017). Utilization of these by-products as substrates for
cultivating mushrooms will offer one of the best solutions
for converting these inedible organic wastes into impor-
tant edible biomass. At present, corn straw, soybean straw,
rice straw and corn cobs are widely used in the cultivation
of edible mushrooms, including Lentinula edodes, Pleu-
rotus ostreatus and Pleurotus eryngii (Moonmoon et al.
2010; Yang et al. 2013b; Hoa et al. 2015; Pedri et al. 2015).
Few studies exist where straw or straw mixtures were used
as the cultivation substrates of G. frondosa; also only coffee
grounds (Barreto et al. 2008) and olive oil residues (Gregori
et al. 2009) have been reported as substrates for G. frondosa.
But these two substrates are subject to the restrictions of the
place of production and thus have not made gains in pro-
motion and application. Also, these substrates are extremely
variable and traditional techniques often do not guarantee a
standardized product.

Mushroom growers commonly add different ratios of
natural nutrient sources from corn meal, wheat bran and
rice bran to sawdust to enhance G. frondosa colonization
and formation of superior quality fruiting body (Mon-
toya et al. 2012). In order to produce consistent high yield
and maintain/increase profitability, a commercial grower
must determine the processing conditions. These condi-
tions include quality spawn, temperature, humidity and
consider the addition of an additive that is readily avail-
able, cheap and proven to increase yield and produce high
quality G. frondosa in a short period of time (Montoya
et al. 2012; Kraisit et al. 2017). Mixture design is one of
the most widely used methods for screening formulas (the
sum of the main ingredients is a unit, 1 or 100%) and has
been widely used in the feed, medicine and food industries
(Kraisit et al. 2017; Pires et al. 2017; Saoudi et al. 2017).
Among all mixture-design methods, the simplex-lattice
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design is the most commonly used method for substrate
screening; it allows for good analysis of correlations of the
different factors and the target values, and with regres-
sion analysis, the quantitative relations between the differ-
ent substrates and assessment indicators can be obtained
(Yang et al. 2016). The optimized formula and the impact
of each substrate on the indicators can then be deter-
mined. Although some published studies (Shen and Royse
2001) have dealt with the effect of cereal agro-residue on
growth and yield of G. frondosa, not much data is avail-
able on the use of statistical modelling for optimization of
substrate composition to standardize yield in commercial
cultivation as well as the presentation of alternatives to
sawdust for sustainable production of G. frondosa.

The aim of the present study was to evaluate differ-
ent agro-residues (sawdust, corn cob, rice straw, soy-
bean straw and corn straw) as a substrate for cultivation
of G. frondosa; and use simplex-lattice design method
to model, optimize substrate composition and evalu-
ate the combined effects on growth and yield of G. fron-
dosa. Also, the agro-residue that can replace sawdust in
the model for G. frondosa cultivation was investigated,
thereby providing a reference for the further develop-
ment and utilization of agricultural wastes.

Materials and methods

Study area

The study was conducted in Jilin Agricultural University,
Changchun, China. The mycelial culture on potato dex-
trose agar slants, pre-screening of mycelial growth, and
extracellular lignocellulolytic enzymes activity profiles
were conducted at the Engineering Research Centre of
the Chinese Ministry of Education for Edible and Medici-
nal Fungi, Jilin Agricultural University, Changchun,
China. Whereas substrate preparation, fruiting body cul-
tivation and optimization of fruiting body culture devel-
opment were completed in the Mushroom base of Jilin
Agricultural University, Changchun, China.

Fungal culture and spawn preparation

The pure culture of G. frondosa H21 (ACCC52310) used
in this study was obtained from the Institute of Natural
Resources and Regional Planning, Chinese Academy of
Agricultural Sciences, Beijing, China. It is a mid-temper-
ature tolerant and moderate-yielding strain. The strain
H21 was selected because it is a stable commercial strain
in Jilin Province, China and has been well studied for
mycelial growth characteristics, fruiting body develop-
ment, genetic distinctness and extracellular lignocellulo-
lytic enzymes activity. Hence, the difference in growth
and yield of this strain as a result of different substrates
used can clearly be discriminated. The stock culture
was maintained on a potato dextrose agar (PDA) slants
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and incubated for seven days at a temperature of 25 °C
and cultured slants were stored at 4 °C, until further
use. G. frondosa liquid spawn was prepared by cultur-
ing (0.5 cm?) mycelial plugs in 500 ml Erlenmeyer flasks
containing 200 ml Yeast malt broth (YM liquid medium),
and incubated at 25 °C with shaking (120 rpm) on a rota-
tory shaker for 20 days. The YM liquid medium consisted
of yeast extract 2.0 g/l, malt extract 20.0 g/l, corn flour
25.0 g/1, peptone 5.0 g/l, KH,PO, 5.0 g/l, MgSO, 2.5 g/l,
sucrose 25.0 g/l, vitamin B; 25 mg/l and nature pH.

Substrates preparation

The various agro-residues (oak wood sawdust, corn cobs,
corn straw, soybean straw and rice straw) and supple-
ments [wheat bran and light calcium carbonate (CaCOs,
average particle size is 1-3 um)] for the cultivation of G.
frondosa were purchased from the Mushroom base of the
Jilin Agricultural University, Changchun, China. All agro-
residues were chopped into pieces, dried, and ground
into fine powder.

Substrate formulation

The various independent variables were first studied
using one-factor-at-a-time method to determine the ini-
tial range of the variables. This was achieved by preparing
the substrates from the various agro-residues compo-
nents first in petri dishes consisting of single substrate
component with sterilized water added to £ 62.5% prior
to autoclaving at 121 °C for 1 h, allowed to cool and inoc-
ulated with 5 cm® mycelial plug to determine the radial
mycelial growth rate followed by fruiting body cultiva-
tion in bags. Based on the preliminary results the vari-
ables (X, =sawdust, X,=corn cobs, X;=soybean straw,
X, =rice straw and X = corn straw) were selected for the
simplex-lattice design. These were then mixed in various
combinations to determine a good fruiting substrate for
the cultivation of G. frondosa.

A total of 21 mixture schemes were designed, and the
design details are shown in Table 1. All possible combi-
nations (mixtures) of the proportions from this equa-
tion were used. The 21 formulae were prepared following
the 21 mixture schemes listed in Table 1; with the main
ingredient accounting for 75%, scheme 1 is the control
substrate mixture (CK) composed of 75% hardwood saw-
dust, 23% wheat bran and 2% light CaCO,, with water
content of materials adjusted to 62.5%, with pH 7. The
substituting ingredients were oak wood sawdust, corn
cobs, corn straw, soybean straw and rice straw. All for-
mulae contained 23% wheat bran, 2% light CaCO; and
62.5% water with pH 7.0 and environmental conditions
remained constant for all. All experiments were tested in
three replicates and randomized to minimize the effects
of unexpected effects in the observed response.
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Model analysis

The Schefté model was fitted using a polynomial quad-
ratic equation in order to correlate the response vari-
able (Y) to the independent variables (X). The Eq. (1) is
as follows:

Y=Y BXi+ Y. BiXiX (1)
1<i<q 1<i<j<q
In a mixture experiment, it is not the volume of the
actual amount of the single ingredient that matters, but
rather its proportion in relation to other ingredients. The
sum of all the ingredients is a constant total 7, which is
equal to 100% or 1 unless any constant mixture factors
are present (Lundstedt et al. 1998).
Therefore, if X;, X,, X5, ...X; denote the proportions of
components of a mixture, then:

q
ST Xi=1,0<Xi <L, i=12...,q (2
i=1

and
X1 +Xo+ X3+ X4+ X5 =100% (i.e., 1) (3)

where X; represents sawdust, X, represents corn cob, X,
represents soybean straw, X, represents rice straw, and X,
represents corn straw.

Optimization design

Simplex lattice (D-Optional method) design was
employed to determine the optimum mixture ratio, the
number of experimental runs and the proportion of five
agro-residues in each experimental run (Table 1) using
the Design-Expert 8.05b software (Scheffé 1963; Yang
etal. 2016).

Substrate analyses

The carbon (C) and nitrogen (N) contents of the vari-
ous substrate mixtures were measured using the furnace
(Wang et al. 2015) and the Kjeldahl method (Verma et al.
2007) respectively. The carbon to nitrogen ratio of each
substrate was calculated and are shown in Table 1.

Cultivation method

For each formula, the ingredients, the wheat bran and
the light CaCO; were first mixed evenly per the respec-
tive mixture ratio scheme; water was then added to adjust
the moisture content to approximately 62.5%. A total of
800.0 g of such mixed substrates (dry material 300.0 g)
was used to fill a 33 cm x 17.5 cm x 0.05 cm polypropyl-
ene bag, with a 2.5 cm collar at the bag mouth. A column-
shaped Polyvinylchloride (PVC), 2.5 cm in diameter and
12 c¢m in depth, was inserted into the collar to allow even
distribution and colonization of the mycelia. The bags
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Table 1 Formula design of the cultivation materials and C/N

Formulas Substrate mixture ratio C/N

X, (%)? X, (%)° X; (%) X, (%)4 X5 (%)°

1(CK) 100 0 0 0 74.64
2 0 100 0 0 489
3 0 100 0 20.51
4 0 0 100 0 34.88
5 0 0 0 100 3225
6 50 50 0 0 0 59.12
7 50 50 0 0 31.83
8 50 0 50 0 47.22
9 50 0 0 50 44.24
10 0 50 50 0 0 28.65
1 0 50 0 50 0 40.58
12 0 50 0 0 50 3849
13 0 0 50 50 0 26.71
14 0 0 50 0 50 2522
15 0 0 0 50 50 3348
16 60 10 10 10 10 4766
17 10 60 10 10 10 406
18 10 10 60 10 10 25.82
19 10 10 10 60 10 34.88
20 10 10 10 10 60 3348
21 20 20 20 20 20 14.9

2 X,—sawdust

b X,—corn cob

€ X;—soybean straw
4 X,—rice straw

€ Xs—corn straw

were heat sterilized by autoclaving at a temperature of
121 °C for 85 min and then cooled to room temperature.
Further, each cooled bag was inoculated with 10 ml liq-
uid spawn of G. frondosa. Upon inoculation, incubation
occurred at 23-26 °C, the carbon dioxide (CO,) concen-
tration at <3000 ppm and in darkness, until the forma-
tion of primordia. Next, the breathable cover (diameter:
38 mm) was removed, and the bag was transferred to a
fruiting chamber where temperature was maintained at
19-21 °C, the humidity at 93-97%, the carbon dioxide
(CO,) concentration at 400-700 ppm and the light at
200 1x/12 h. After fruiting harvest, the yield of each bag
was recorded (only the first flush); 10 bags from each mix-
ture scheme were used for statistical analysis.

Data collection

Data collected include growth cycle (time of inoculation
to the first harvest of the fruiting body), growth param-
eters (length and width of a single fruiting body using a
Vernier caliper), Yield parameters including total fresh
weight (g) of mushroom and number of fruiting bodies

per bunch were also recorded at harvest time. The BE
was calculated as follows:

Fresh weight of mushroom

BE(%) = 100

Dry weight of substrate

Statistical analysis

The inoculated bags were arranged in complete rand-
omized block design comprising of each treatment in the
growth room. All experiments were in three replicates.
Design Expert statistical software package version 8.05
b was used for regression analysis. The Scheffé quad-
ratic polynomial regression model was used to perform
a quadratic multiple regression fitting of the yield per bag
and the growth cycle against the formula ingredients,
and a quadratic regression model of the yield and growth
cycle was constructed against each ingredient in the mix-
ture scheme. The effects of each ingredient on the yield
and on the growth cycle were analyzed, and the correla-
tions between each ingredient and the yield and between
each ingredient and the growth cycle were analyzed by
SPSS Statistics 17. The optimization function was used to
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set the variation range and the expected response value
of each ingredient. Beginning with a random combina-
tion, the steepest slope prediction was performed until
the target response value was reached. The optimized
yield formula derived from the regression analysis was
verified, and ANOVA analysis was performed to estimate
statistical parameters using SPSS (Yang et al. 2016).

Results

Effects of different straw formulations on yield

By statistical analysis of the yield for each formula
(Table 2), the regression model equation between the
yield and each ingredient was developed as follows:

Y =96.97X, 4+ 133.95X, + 87.31X3 + 31.60X, + 78.08X5
+ 14.76 X1 Xy + 16.90X1 X3 — 102.94X1 Xy, — 2.17X1 X5
— 18.16X5 X3 + 110.01 XXy + 44.18X2 X5 + 29.74X3X,

+73.71X3X5 — 217.52X, X5 <R2 = 0.9956).

With the regression model, the predicted yield can be
calculated for each formula, and the measured yield and
the predicted yield were basically the same. The statisti-
cal analysis showed that the P values of the mixed linear
model and the quadratic regression model were both less
than 0.0001, indicating that these two models were very
significant (P<0.0001) and well fitted the relationship
between ingredients and yield. In addition, the correla-
tion coefficient (R?>=0.9956) indicated that the equation
model had 99.56% goodness-of-fit with the experimental
data (Tables 2 and 3).

The coefficients of the independent variables in the
equation reflect the degree of influence of the independ-
ent variable in the equation, i.e. the degree of contribution.
As seen in the regression model, the equation coefficients

Table 2 Measured values and predicted values of yield
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Table 3 Variance analysis of the quadratic polynomial
regression model for yield

Variation Sum DF Meansquare F P
sources of squares
Model 3,760,676 14 2686.20 39707 <0.0001
Linear mixed ~ 29,142.60 4 728565 1076.96 <0.0001
model
X, X3 14.08 1 14.08 208  0.0079
XiX3 18.01 1 18.01 266 00027
X X4 918.75 191875 13581 <0.0001
X, X5 1.54 1 1.54 023 06823
X5X5 3434 1 3434 508 00014
XXy 972.00 197200 143.68 <0.0001
XX 147.70 1 147.70 21.83 <0.0001
X3X4 62.11 1 62.11 9.18 <0.0001
X3Xs 42245 1 42245 6245 <0.0001
X4Xs 4029.67 1 4029.67 59566 <0.0001
Residual 128.86 36 358
Lack of fit 27.38 6 4.56 135 0.2669
Error 101.48 30 338
Sum 37,708.24 29

@ Notes are the same as Table 1

K(X3) = 133.95 > K(X1) = 96.97 > K(X3) = 87.31 >

K(X5) = 78.08 > K(X4) = 31.60, which indicate that
the degree of contribution of each ingredient to the yield
is as follows: X, (corn cob)>X; (sawdust) > X; (soybean
straw) > X (corn straw) > X, (rice straw). This result indi-
cated that corncobs have the greatest degree of contribu-
tion to the yield of G. frondosa and can replace sawdust
to serve as the main cultivation substrate of G. fron-
dosa. The Pearson correlation coefficients between each
of the substrates and the yield determined by the SPSS

Formulas' Yield (g) Formulas Yield (g)
Measured value? Predicted value Measured value Predicted value

1(CK) 97.25+9.719%f 96.97 12 116.75+7.57° 117.06
2 134.254+14.59 133.95 13 66.40+10.56" 66.89
3 8740412361 87.31 14 100.649.15% 101.12
4 31754361 3160 15 0.0040.00 046
5 78.20420.009" 7808 16 86.65+10.001 87.09
6 119,004 17.45° 119.15 17 116.00 £ 8.00 116.79
7 96.00+8.75¢ 96.37 18 93.5049.50" 91.04
8 38254256 3855 19 50.5010.05" 49.04
9 86.65+ 12981 86.99 20 782041159 76.23
10 105.75 4 18.15¢ 106.09 21 86.65+ 1250 8352
11 110004114105 110.27

" Notes are the same as Table 1

2 Means followed by the same letter are not significantly different at a level of 5% (P < 0.05)
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software were as follows: corn cob (0.665) > soybean straw
(0.112) >sawdust  (0.084) >corn straw (—0.145)>rice
straw (—0.706). The yield was positively correlated with
sawdust, corn cob and soybean straw, among which a sig-
nificantly positive correlation existed between the yield
and corn cob. However, yield was negatively correlated
with the rice straw and corn straw, among which a sig-
nificantly negative correlation existed between the yield
and rice straw. The details can be seen in Table 4.

The coefficients of the mixed schemes in the equation
indicate the degree of influence of the different substrate
combinations on the yield. The results showed that

K (X2Xs) = 11001 > K (X3X5) = 73.71 > K (X2X5)
44.18 > K (X3X4) = 29.74 > K (X1X3)
1690 > K (X1X2) = 14.76 > K (X1.X5)
= —217 > K(X2X3) = —18.16 > K (X1Xs)
= —102.94 > K (X4X5) = —217.52.

Accordingly, the degree of contribution was as follows:
X,X, (corn cob and rice straw)>X;X; (soybean straw
and corn straw) > X,X: (corn cob and corn straw) > X;X,

Table 4 Correlation analysis between yield and the differ-
ent ingredients

X3 X3 X3 X3 X2
Yield®
Pearson 0.084 0.665** 0112 —0.706** —0.145
Significance 0.767 0.008 0.692 0.003 0.607
N 21 21 21 21 21

@ Notes are the same as Table 1

b Mean values followed by no letters are not significantly different at a level of
5% (P < 0.05)

** Significantly different at a level of 1% (P<0.01)

Page 6 of 11

(soybean straw and rice straw)>X;X; (sawdust and
soybean straw)>X;X, (sawdust and corn cob)>X;X;
(sawdust and corn straw) > X,X, (corn cob and soybean
straw) > X, X, (saw dust and rice straw) > X, X; (rice straw
and corn straw). Combined with the interaction analysis,
mixing corn cob with sawdust, soybean straw, rice straw
or corn straw significantly affected yield, and the yield
increases with the corresponding increase of corn cob.
Conversely, mixing rice straw with saw dust, corn cob,
soybean straw or corn straw significantly reduced yield,
and the yield decreases with the corresponding increase
of rice straw (Table 2).

Effects of different straws on the growth cycle of G.
frondosa

The growth cycles for each formula (Table 5), the regres-
sion model between the growth cycle and each ingredient
is as follows:

Y = 63.00X; + 69.14X5 + 70.33X3 + 70.00X4
+ 66.40X5 — 11.29X7 X5 + 2.58X1X3
+ 14.00X1Xs + 5.20X1X5 — 5.62X7X3
— 19.88X7 X4 — 1.08X, X5 — 24.66X3Xy

—12.94X3X5 + 127.20X4X5(R> = 0.9652)

With the above regression equation, the predicted
growth cycle can be calculated for each formula, and the
measured growth cycle and the predicted growth cycle
were basically the same. The statistical analysis showed
that the P values of the mixed linear model and the quad-
ratic regression model were both less than 0.0001, indi-
cating that these two models both had a very significant
level (P<0.01) and fitted the relation between ingredi-
ents and growth cycle well. In addition, the correlation

Table 5 Measured values and predicted values of the growth cycle

Formulas' Growth cycle (d) Formulas Growth cycle (d)

Measured values? Predicted values Measured values Predicted values
1(CK) 63.0040.0% 63.00 12 67.50 4 3.10°%€f0 67.50
2 69.1442.27° 69.14 13 64.00 £0.00% 64.00
3 70.334+1.299 70.33 14 65.13 +2.59%¢ 65.13
4 70.000.001 70.00 15 100.000.00 100
5 66.40 + 3.10°< 66.40 16 66.65 =+ 3.00° 66.65
6 63.5840.52% 63.25 17 67.30 4 3.10<¢f 67.30
7 67.31 4 2.59<0€f 67.31 18 67.76 £ 3.20°0¢10 67.76
8 70.00£0.0019 70.00 19 744643009 74.46
9 66.00 + 2.24° 66.00 20 73.7442.909" 7374
10 68.33 4,239 68.33 21 70.71 4 2.809 70.71
11 64.60 41,907 64.60

" Notes are the same as Table 1

2 Means followed by the same letter are not significantly different at a level of 5% (P < 0.05)
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Table 6 Variance analysis of the quadratic polynomial
regression model for the growth cycle
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Table 7 Correlation analysis between the growth cycle
and different ingredients

Variation Sum DF Meansquare F P
sources of squares
Model 340793 14 24342 7135 <0.0001
Linear mixed 73334 4 18334 5373 <0.0001
model
X, X3 16.54 1 16.54 4.85 0.0342
X X5 0.86 1 0.86 0.25 06178
X Xa 2543 1 2543 745 0.0097
X Xs 351 1 351 1.03 03173
X5X5 4.10 1 4.10 1.20 0.2805
XXy 51.26 1 51.26 15.02 0.0004
X5Xs 0.15 1 0.15 0.044 0.8344
X3X4 78.88 1 78.88 2312 <0.0001
X5Xs 21.72 1 21.72 6.37 00162
XaXs 2098.92 1 209892 615.18 <0.0001
Residual 122.83 36 341
Lack of fit 0.00008 6 0.00001 0.000003  1.0000
Error 122.83 30 4.09
Sum 12,865.92 44

@ Notes are the same as Table 1

coefficient (R*=0.9652) indicated that the equation
model had 96.52% goodness-of-fit with the experimental
data (Tables 5 and 6).

The regression equation showed that for the equation
coefficients, K (X3) = 70.33 > K(X3) = 70.00 > K(X3)
= 69.14 > K(X5) = 6640 > K(X;) = 63.00; that is,
the degree of contribution of each substrate to the growth
cycle is X; (soybean straw)>X, (rice straw)>X, (corn
cob)>X; (corn straw)>X; (sawdust), indicating that the
contribution of crop straw to the growth cycle is greater
than that of the sawdust. Correlation in terms of how each
substrate impacted the growth cycle analyzed by SPSS soft-
ware, and the Pearson correlation coefficients between the
substrate and the growth cycle were as follows: rice straw
(0.334) > corn straw (0.235) > soybean straw (—0.126) > corn
cob (—0.168)>sawdust (0.283). Among these, the rice
straw and corn straw were both positively correlated with
the growth cycle; that is, the rice straw and corn straw
could extend the growth cycle of G. frondosa. The growth
cycle was negatively correlated with the sawdust, corn cob
and soybean straw, indicating that these three types of sub-
strates can shorten the growth cycle of G. frondosa, with
sawdust significantly shortening the growth cycle of G.
frondosa. Details can be seen in Tables 5 and 7.

The equation coefficients of the mixed schemes showed
the degree to which the different straw combinations
impacted the growth cycle. The results showed that

X3 X3 X3 X3 X2
Growth cycle®
Pearson —0283**  —0.168 —0.126 0334 0235
Significance 0213 0468 0.586 0.139 0.305
N 21 21 21 21 21

@ Notes are the same as Table 1

5 Mean values followed by no letters are not significantly different at a level of
5% (P < 0.05)

** Significantly different at a level of 1% (P<0.01)

K(X4X5) = 127.20 > K(X1X3) = 14.00 > K(X1X5)
520 > K(X1X3) = 2.58 > K(X2X5)

= —1.08 > K(X2X3) = —5.62 > K(X1X2)
= —1129 > K(X3X5) = —12.94 > K(X2X4)

— —19.88 > K(X3X4) = —24.66.

The degree of contribution was X,X; (rice straw and
corn straw)>X;X, (sawdust and rice straw)>X;X;
(sawdust and corn straw) X;X; (sawdust and soybean
straw) > X, X: (corn cob and corn straw) > X, X, (corn cob
and soybean straw) > X; X, (sawdust and corn cob) > X;X.
(soybean straw and corn straw) > X,X, (corn cob and rice
straw) > X;X, (soybean straw and rice straw). When com-
bined with the interaction analysis, the results showed
that mixing rice straw with the sawdust, corn cob, soy-
bean straw or corn straw could significantly increase
the growth cycle, and the life cycle increased with the
increase of rice straw (Table 5).

High-yielding formula and verification test

Using the yield as the evaluation index and setting the
variation range and expected response value of each
ingredient, steepest slope prediction was carried out
based on the regression equation beginning from a ran-
dom combination, and a high-yielding formula with no
sawdust was generated. The formula was as follows: corn
cob (X,) 97.5% and rice straw (X,) 2.5%, which were mul-
tiplied by the coefficient of 0.75 and converted to 73.125%
corn cob and 1.875% rice straw, respectively, combined
with 23% wheat bran and 2% light CaCO; (C/N =48.40).
The predicted yield was 134.07 g/bag. The measured
yield of the first flush reached 134.72 +4.24 g/bag, which
basically verified the predicted fitted value. The results
showed that the formula had a yield 39.97% higher than
the control, with a BE of 44.91+1.41%. In addition to
yield and BE, single-fruiting-body length and width,
the growth cycle of the high-yielding formula was also
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Table 8 Comparison of the main agronomic traits between the high-yield straw-substrate formula and the control

Formulas Single-fruiting-body Single-fruiting-body Yield (g) Growth cycle (d) BE (%)
length (cm)? width (cm)
Predicted value Measured value Predicted value Measured value
1(CK) 2.584037° 2344037° 96.97 97.254£9.71° 6300 63.0040.0° 32424324°
Hy1 5.1540.148° 34540.24° 134.07 134.7244.24° 68.68 68.68+£2.32° 44914£141°
" Hy high-yield

2 Mean values followed by no letters are not significantly different at a level of 5% (P < 0.05)

Hy
Fig. 1 Grifola frondosa fruiting in the high-yield formula (Hy) and the
control (CK)

examined. The single-fruiting-body length and width of
G. frondosa for the high-yield (5.15 and 3.45 respectively)
formula were higher than those for the control (2.58 and
2.34 respectively), but the growth cycle was longer than
that of the control (Table 8 and Fig. 1).

Discussion

Interest in G. frondosa production has increased sig-
nificantly in the last decade due to their nutritional and
health-promoting benefits (Vetvicka and Vetvickova
2014; Ding et al. 2016). G. frondosa is traditionally cul-
tivated on forest wood (sawdust) however due to recent
efforts in managing forest resources the use of agro-for-
estry products for its cultivation is not sustainable. Most
edible fungi can be cultivated with agro-residues such
as crop straws (Barreto et al. 2008; Philippoussis 2009)
either by composting or non-composting. However, due
to the differences in nutritional requirements, growth
specificity, inheritance characteristics and activities of
the secreted extracellular enzymes among edible fungi
(Montoya et al. 2012; Yang et al. 2013a), differences exist

in the utilization capacity of the different crop straws. In
this work, we investigated the use of different crop straw
(corn cob, soybean straw, rice straw and corn stalk) as
alternate substrate to sawdust for cultivating G. frondosa
and developed a statistical model for optimizing produc-
tion and evaluated its effect on yield and growth cycle.

In our work, all substrate formulae contained 23%
wheat bran and 2% light CaCO;. Substrates supple-
mented with wheat bran produces better quality mush-
rooms (Moonmoon et al. 2011) while the limited amount
of CaCO, improves calcium metabolism, adjust pH of
substrates and makes mushroom production more con-
sistent from crop to crop (Royse and Sanchez-Vazquez
2003).

This study showed that in optimizing the formula of G.
frondosa production, the yield could be increased by add-
ing a certain proportion of corn cob (50%), such as used
in formula 6, which had a yield of 22.37% higher than the
control. The use of rice straw negatively correlated with
yield; however, it can still be increased by the addition
of a certain proportion (50%) of corn cob to rice straw,
such as used in formula 11. For instance, formula 11
(110.004+11.41 g) showed a yield increase of 246.45%
compared with formula 4 (31.75+3.61 g), which had
rice straw alone, and showed a yield increase of 13.72%
compared with the control group (Table 2). Therefore, in
places where the rice resources are rich, adding an appro-
priate proportion of corn cob to replace sawdust can
achieve the same effect in G. frondosa cultivation. Soy-
bean straw and corn straw in a reasonable mixture ratio,
or combined with substrates such as corn cob, can also
replace sawdust to achieve the same effect in cultivation.
When the yield is considered the priority indicator in the
production of G. frondosa, using corn cob powder as the
main cultivation substrate substitute for sawdust will not
only increase the yield but also increase the single-fruit-
ing-body area.

When the growth cycle is used as the sole evalua-
tion index, sawdust, soybean straw and corn cob can
significantly shorten the growth cycle of G. frondosa,
with sawdust having the greatest effect. For instance,
with formula 6, which had 37.5% sawdust and 37.5%
corn cob, the growth cycle was nearly the same as that
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in control, and its yield was higher than that in control.
Although G. frondosa had a long growth cycle with the
soybean straw substrate, the growth cycle can be signifi-
cantly shortened by combining soybean straw with rice
straw and corn straw, as evidenced in formulae 13 and
14 (Table 5). Therefore, when taking both growth cycle
and yield into account, a certain percentage of sawdust
can be added to the straw formula to shorten the growth
cycle and increase the yield of G. frondosa as well. Since
lignin content in sawdust was higher than that in crop
straws, the substrate with high lignin content is observed
to promote mycelial growth and thus shorten the growth
cycle. The rapid colonization of substrate during spawn
run prevents competition from other competitive molds
and pathogenic microorganisms. Also, the shortened
duration of the growth cycle saves costs, improve income
and it is suitable for commercial producers of G. frondosa
(Gaitan-Hernandez et al. 2006).

The effects of different ingredients on the agronomic
traits of G. frondosa were different. This can be attrib-
uted to their nutrient composition and structure of the
different ingredient. The materials used in the cultivation
medium, such as sawdust, corn cob and cottonseed shell
are composed of lignin, cellulose and minerals, which
provides sufficient carbon and nitrogen sources for the
growth and development of edible fungi (Naraian et al.
2009). In accordance with the production needs, these
ingredients can be mixed to achieve the desired goal of
cultivation. The C/N ratio as an index must be consid-
ered in the choice of raw materials to include substrate
formulation because it plays a vital role in the growth of
edible fungi.

The study showed that substrates with low carbon-
nitrogen ratios result in significant reduction in the
yield of Grifola frondosa, observed with formulae 3-5,
13, 15, and 18-21. Also higher carbon and nitrogen
ratios did not improve G. frondosa yield, as with the use
of sawdust in formula 1. However, some of the low car-
bon-nitrogen formulations yield higher than control,
such as formula 10 (C/N=28.65) and the formula 14
(C/N=25.22). A high carbon—nitrogen ratio is beneficial
to the growth of mycelia, and thus shortens the growth
period of G. frondosa, as in formulae 1 (C/N =74.64) and
6 (C/N=59.81), the shortest growth period, of 63 and
63.58 days respectively (Tables 1, 5). Low carbon and
nitrogen sources leads to premature senescence and slow
mycelial growth respectively. On the other hand, high
nitrogen levels lead to vigorous mycelial growths result-
ing in the accumulation of unwanted metabolic prod-
ucts, which affected the yield (Naraian et al. 2009; Hoa
et al. 2015). These findings were consistent to the results
reported by Naraian (Naraian et al. 2009). Therefore a
reasonable C/N ratio plays a crucial role in the yield and
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growth cycle of edible fungi (Naraian et al. 2009; Hoa
etal. 2015).

The results of this study can be directly applied in the
industrial production of G. frondosa, which is more suit-
able for the developmental requirements of the edible
fungi industry. However, formulae and techniques need
to be optimized, and the economic balance needs to be
improved before commercial development is achieved
(Gaitan-Hernandez et al. 2006). Hence, the need to use a
statistical method to optimize and standardize substrate
mixtures for optimal growth and yield.

The use of the simplex-lattice method for formula
design has been less applied in the field of edible fungi
(Yang et al. 2016). However, as the most basic design
scheme in the mixture design, this method is widely
used in feed, medicine and food industries because the
test points can be taken on the lattice points in the regu-
lar simplex to ensure that the test points are evenly dis-
tributed and that the calculation is simple and accurate
since the regression coefficient is only a simple func-
tion of the response values at the corresponding lattice
points. In this study, by using the simplex-lattice design,
the purpose of testing the effects of different mixture
ratios of crop straws and sawdust on the cultivation of G.
frondosa was achieved; this was affirmed by the high R*
value (0.956), indicating the percentage of the variabil-
ity explained by the model (Table 1). In all cases the R*
was higher than 0.8, with values over ~0.9 in almost all
responses.

Consequently, the optimized formula obtained was
effective, and the yield and growth cycle equations allow
effective prediction of the production effect of the for-
mula. Therefore, the simplex-lattice design can be applied
designing experiments for the formulation of substrates
for edible fungi cultivation.

Our results show that corn cob was the best alternative
to sawdust as a substrate for producing a high yield of G.
frondosa. This is because corn cob does not only provide
nutrients for the growth but as a substrate, it supports
and facilitates the attachment of the fungi and allows
oxygen transfer, heat dispersion and has the suitable C/N
ratio to promote the induction of fruiting bodies among
other conditions (Hoa et al. 2015; Pérez-Rodriguez et al.
2016). Compared to rice straw, corn cob has high lignin
content, certain proportions of soluble polysaccharides,
which can be directly utilized by the mycelia, and it is
beneficial to the growth of edible fungi.

Corn cob was considered the best agricultural residue
among all the other common studied wastes (Naraian
et al. 2009). Because corn is widely grown in the world,
the corn cob is abundant, readily available and cheap, a
notable percentage makes up the by-product of maize
processing (Niu et al. 2016) and has been widely used in
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industry and agriculture. Its composition indicates the
potential utilization as substrate for fungal growth as well
as the production of industrial enzymes such as xyla-
nase and xylose among others (Amaro-Reyes et al. 2016;
Kashid and Ghosalkar 2017).

In conclusion, corn cob significantly increases the
yield of G. frondosa and can replace sawdust as the main
cultivation substrate of G. frondosa, but sawdust sig-
nificantly shortens the growth cycle of G. frondosa. The
optimized high-yield formula was 73.125% corn cob,
1.875% rice straw, 23% wheat bran, and 2% light CaCO,
(C/N=48.40); the average yield of the first flush was
134.72+4.24 g/bag, and the BE was 44.91£1.41%. The
results of this study reinforce the use of crop straw for
cultivation of G. frondosa and provide a scientific basis
for the production of G. frondosa using corn cob as the
main substrate.
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