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ality of Pleurotus abieticola grown
on nematode-infected Pinus massoniana chips

Xia Guo, †ab Lei Sun,†a Changtian Li,*a Yongping Fu,a Bing Song *a and Yu Li*a

In this study, we investigated the use of nematode-infected Pinus massoniana chips (NPC) as the main

ingredient in Pleurotus abieticola substrate. The effects of different substrate formulas on nutritional

parameters, including total sugars, polysaccharides, proteins, lipids, amino acids, and fatty acids were

assessed. The results indicated that NPC was suitable for P. abieticola cultivation. However, the addition

of certain amounts of corncobs (CC) and cottonseed hulks (CH) improved the yield. Substrate T5 (45%

NPC, 6% CC, and 27% CH) had the greatest yield (121.38 g per bag), 34.56% greater than the yield of the

control (78% poplar chips), which was 79.43 g per bag. Across the 11 substrate formulas tested, the total

sugar, polysaccharide, crude protein, and crude lipid contents were 16.60–28.90%, 2.71–3.73%, 36.49–

45.42%, and 1.03–4.34%, respectively. On all substrates, the fruiting bodies contained 17 amino acids,

primarily glutamine (2.42–4.11%), followed by proline (2.56–3.73%), leucine (2.09–3.19%), phenylalanine

(1.56–2.61%), and glycine (1.76–2.55%). The fruiting bodies contained 12 fatty acids, of which linoleic acid

was the most abundant (82.36%–84.03%), followed by palmitic acid (6.42%–6.89%) and oleic acid

(5.50%–7.34%). The fatty acid content was closely associated with the NPC content, which might

indicate that NPC promoted fatty acid accumulation. Thus, NPC represents a new substrate suitable for

P. abieticola cultivation.
1 Introduction

Pine trees, one of the most common coniferous groups world-
wide, have considerable economic and ecological value.1 Pine
wilt, a destructive disease affecting pine trees, is caused by the
pinewood nematode Bursaphelenchus xylophilus.2 Pine wilt
originated in North America and then spread to Asia and
Europe.3 In China, pine wilt has spread rapidly since the
discovery of the pinewood nematode in Nanjing in 1982.4 At
present, this disease threatens nearly 60 million hectares of
pine trees in China. Outbreaks of the invasive pinewood
nematode have led to huge ecological and economic losses in
China.5 The areas affected by pine wilt disease caused by pine-
wood nematode, as well as the number of dead trees, have
increased signicantly in recent years.6 Pinus massoniana is one
of the dominant tree species in various southern Chinese
provinces, including Chongqing, Sichuan, and Yunnan. Pine-
wood nematode infections result in large numbers of
nematode-infected Pinus massoniana trees.6 However, at
present, the spread of pinewood nematode infection is
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primarily inhibited by cutting down and burning infected
trees.5 Thus, the infected wood is wasted.

Traditionally, mushrooms are primarily cultivated on
woodchips derived from broad-leaved trees such as poplar trees
(poplar chips, PC) and fruit trees.7,8 Sawdust from coniferous
trees is not commonly utilized, because, due to the rosin
present in pine trees, most fungi are unable to colonize conif-
erous wood directly.1 However, it has been shown that edible
fungi can be cultivated on coniferous wood substrates aer an
initial inoculation with fungi, such as Aureobasidium spp.,
Ceratocystis spp., and Ophiostoma piliferum, that decompose
pine rosin. Indeed, fungal species in the genus Pleurotus,
including P. euosmus, P. eryngii, P. ostreatus, P. populinus, and P.
pulmonarius, grow normally and form fruiting bodies on
fungus-treated coniferous wood.1 The content of pine rosin in
dead nematode-infected P. massoniana wood is lower than that
in healthy Pinus trees.9 We thus hypothesized that it might be
possible to cultivate mushrooms directly on the dead wood.
However, to date no studies have investigated the use of
nematode-infected P. massoniana chips (NPC) as a substrate for
edible mushroom cultivation. The average price of oak chips
ranges from 600 to 1200 RMB per ton in China. However, the
NPC is usually burned or abandoned in the forest, which is
underutilized. The main cost is the freight, which is about 400
to 800 RMB per ton according to the distance. If we can use the
NPC as a mushroom substrate, the cost will decrease relative to
oak wood chips, PC, or other sawdust sources.
RSC Adv., 2021, 11, 883–890 | 883
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Table 1 Pleurotus abieticola cultivation formulas (wt%, except for C/
N)a

Formula NPC CC CH PC C N C/N ratio

CK 0 0 0 78 56.57 � 0.77c 1.30 � 0.01a 43.40 � 0.85e

T1 38 0 40 0 57.38 � 2.58b 1.05 � 0.04g 54.68 � 0.68a

T2 38 20 20 0 57.92 � 1.77b 1.11 � 0.01f 52.06 � 2.18b

T3 38 40 0 0 54.14 � 0.62c 1.16 � 0.04e 46.68 � 1.38d

T4 45 27 6 0 43.81 � 0.60d 1.32 � 0.02b 33.61 � 0.73f

T5 45 6 27 0 56.50 � 0.74c 1.32 � 0.02b 42.88 � 0.77e

T6 52 13 13 0 57.74 � 1.19b 1.32 � 0.01c 41.45 � 1.34e

T7 58 20 0 0 63.37 � 3.54a 1.35 � 0.00c 47.03 � 2.68d

T8 58 0 20 0 60.10 � 1.59b 1.32 � 0.01d 45.48 � 1.23d

T9 65 7 6 0 56.97 � 0.89c 1.15 � 0.02e 49.43 � 0.23c

T10 78 0 0 0 60.84 � 1.11a 1.13 � 0.00e 53.75 � 0.85a

a Different letters (a–f) in the same column and rank indicate signicant
differences (P < 0.05). NPC, nematode-infected Pinus massoniana chips;
CC, corn cobs; CH, cottonseed hulls.
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Pleurotus species, commonly known as oyster mushrooms,
are the third largest cultivated mushrooms in the world. Oyster
mushroom consumption continues to increase rapidly due to their
delicious taste, medicinal properties, and nutritional value.10

Pleurotus species are easy to cultivate and can degrade various
agricultural and industrial wastes.11 The species P. abieticola is
morphologically and phylogenetically similar to other species in
the P. ostreatus–P. pulmonarius complex.12 P. abieticola not only is
delicious but also has strong anti-tumor and anti-inammatory
functions.13 The specic epithet “abieticola” may indicate that
this species has a preference for substrates in the genus Abies. In
addition, P. abieticola has been observed to grow on rotten wood
from several species in the genera Picea, Alnus, and Salix.13 We
predicted that P. abieticola might grow on NPC directly.

However, it is unclear how the use of NPC-based substrates
might affect the yield and primary nutritional content of P.
abieticola. Here, we evaluated the ability of P. abieticola to grow
on an NPC-based substrate and analyzed the effects of different
media on the main nutrients in the P. abieticola fruiting bodies.
Our results will provide technical evidence for possible uses for
otherwise-wasted NPC.

2 Materials and methods
2.1. Strain and spawn preparation

P. abieticola (strain number: CCMJ1805) was obtained from the
Engineering Research Centre of Edible and Medicinal Fungi,
Ministry of Education, Jilin Agricultural University, Changchun,
China. Mycelia were activated on a potato dextrose agar (PDA)
slant for 10 days at 25 �C in darkness.

Liquid spawn were prepared by culturing mycelial plugs
(2 mm in diameter) in 250 mL asks containing 100 mL of liquid
media (4 plugs/ask) in a rotatory incubator at 25 �C with shaking
at 150 rpm min�1 for 9 days in darkness. Next, 1 L asks con-
taining 500 mL of liquid media were inoculated with liquid spawn
to a nal concentration of 10% and were incubated for 9 days
under identical conditions. The liquid media (pH 6.0) contained
soluble starch (40 g L�1), sucrose (10 g L�1), KH2PO4 (3 g L�1),
MgSO4 (1.5 g L�1), and yeast extract (10 g L�1).14

2.2. Substrate preparation

Nematode-infected Pinus massoniana wood was collected from Ying-
long Gorge Scenic Area, Banan District, Chongqing, China. The wood
was chopped, air dried, and ground into ne chips. Corn cobs (CC),
PC, wheat bran, and light CaCO3 were purchased from the mush-
roomdepartment at Jilin Agricultural University, Jilin Province, China.
Cottonseed hulls (CH) were purchased in Xinjiang Province, China.

2.3. Substrate formulation

We designed 11 different substrate mixtures based on a simplex-
lattice design, with the main ingredient of each mixture
accounting for 78.0% of the total (Table 1). The main ingredient of
the control substrate mixture (CK) was PC. In addition to the main
ingredient, all formulations contained 20.0% wheat bran, 1.0%
sugarcane, and 1.0% lime; the water content of each mixture was
adjusted to 65%. All mixtures had a natural pH.
884 | RSC Adv., 2021, 11, 883–890
The chemical compositions of all substrates were analyzed
before the experiment began. Substrate samples were dried in
an oven at 60 �C to a constant weight, and then ground into
powder. The total carbon (C) content was measured following
a previous study,15 and the total nitrogen (N) content was
determined using the Kjeldahl method.16 Crude protein was
calculated by multiplying the nitrogen content by a factor of
6.25.9 The assays used to determine the C and N contents were
performed by Suzhou Keming Biotechnology Co., Ltd (Suzhou
Province, China). Then, the C/N ratio of each substrate was
calculated based on the contents of C and N.

We added 800.0 g of each substrate (dry weight 280.0 g) to
a separate polypropylene bag (33 cm � 17 cm � 0.05 cm); each
bag had a 2.5 cm collar at the mouth. A polyvinylchloride (PVC)
tube (2.5 cm diameter� 12 cm long) was inserted into the collar
of each bag to ensure the even distribution and colonization of
the mycelia. The lled bags were autoclaved at 121 �C for 2 h.
Aer cooling to room temperature, each bag was inoculated
with 10 mL of P. abieticola liquid spawn under aseptic condi-
tions. Each formula was represented by 15 bags.

2.4. Cultivation

The inoculated bags were randomly arranged on shelves in
a growth room. All bags were incubated at 25 �C in the dark, at
a carbon dioxide (CO2) concentration less than 2500 ppm. Aer
the mycelia covered each cultivation bag, “V”-shaped holes were
cut through the surfaces of the bags using a sterilized knife. Cut
bags were then transferred to fruiting chambers in a cultivation
room. The fruiting chamber conditions were maintained as
follows to induce basidiome formation: temperature at 19–
21 �C, humidity at 93–97%, CO2 concentration at 400–700 ppm,
and illumination at 200 Lux � 12 h. Fruiting bodies were har-
vested before the caps had unfolded.14

2.5. Assessment of agronomic traits

Aer harvest, agronomic traits were recorded for the rst ush
of each bag; 15 bags per mixture were included in the statistical
analyses. Spawning time was calculated as the period from
© 2021 The Author(s). Published by the Royal Society of Chemistry
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inoculation to the point at whichmycelia lled the bag. The rst
harvest period was dened as the time from inoculation to the
rst harvest of the fruiting body. Growth parameters pertaining
to a single fruiting body, including pileus width, stipe length,
and stipe width, were measured using Vernier calipers. The
weight of the fruiting bodies was measured using an electronic
balance with an accuracy of 0.01 g. Biological efficiency (BE) was
calculated as the fresh weight of the mushrooms divided by the
dry weight of the substrate � 100%.17

2.6. Analysis of the main nutrients

Mushroom samples were dried in an oven at 60 �C to a constant
weight to calculate the moisture content. Dried samples were
then ground into powder for further analysis. The dried
mushroom powder was hydrolyzed, and the total soluble sugar
content was measured with an ultraviolet-visible spectropho-
tometer using the 3,5-dinitrosalicylic acid (DNS) method.18 The
polysaccharide content (i.e., the content of alcohol-insoluble
carbohydrates) was measured using the Rajarathnam method
by extracting dry mushroom power in 70% alcohol and hydro-
lyzing the alcohol-insoluble residue using 72% sulfuric acid.
Then, the polysaccharide content was estimated using the
phenol–sulfuric acid method.19,20 The protein content of each
sample was estimated using the Kjeldahl method.16 Crude
protein contents in the mushroom fruiting bodies were calcu-
lated by multiplying the nitrogen content by a factor of 6.25.9

Lipid levels were determined by extracting a known weight of
powdered sample with ethyl ether, using a Soxhlet apparatus.
Aer crude lipid extraction, fatty acids were measured using
a TSQ 8000 EVO (Thermo Scientic) gas chromatograph
equipped with an FID detector and a DB-1 fused silica capillary
non-polar column (30 m � 0.25 mm i.d.; lm thickness 0.25
mm), following the manufacturer's instructions. The hydrogen
ow rate was 1.4 mL min�1. Split injection was carried out at
250 �C (1 : 40). The relative percentage of each fatty acid was
expressed with respect to fatty acid methyl ester (FAME) stan-
dards as described previously.21 Amino acid levels in fruiting
bodies were determined using high-performance liquid chro-
matography (HPLC) as described previously.22,23 The above
Table 2 Effects of different substrate formulas on the agronomic param

Substrate
formula

Spawn running
time (day)

First harvest
period (day)

Pileus
diameter (mm)

Stipe
thickness (m

CK 24.50 � 0.84 ab 31.86 � 2.96bc 38.49 � 10.94b 9.45 � 3.8
T1 23.67 � 1.58bc 31.71 � 0.95bc 49.16 � 28.40a 9.16 � 3.4
T2 25.67 � 2.12 ab 32.42 � 1.39b 43.72 � 11.87a 9.59 � 2.3
T3 28.00 � 2.08a 32.50 � 2.03b 37.57 � 12.58b 9.03 � 2.2
T4 26.64 � 2.29a 34.67 � 0.82a 40.18 � 15.24 ab 9.78 � 2.6
T5 23.92 � 2.47b 30.33 � 3.01bc 42.03 � 15.13a 10.51 � 3.3
T6 24.62 � 1.47b 32.33 � 2.06abc 44.12 � 16.01a 9.35 � 2.4
T7 26.00 � 2.78a 33.43 � 3.64 ab 40.18 � 12.28b 9.25 � 3.0
T8 22.18 � 0.35c 29.00 � 2.64c 38.93 � 11.64b 8.89 � 2.4
T9 24.00 � 1.67b 30.14 � 3.07c 39.37 � 13.07b 8.7 � 2.2
T10 24.37 � 1.72b 30.73 � 2.28c 35.96 � 10.92b 8.27 � 2.1

a Different letters (a–c) in the same column and rank indicate signicant

© 2021 The Author(s). Published by the Royal Society of Chemistry
assays, including those used to determine the soluble sugars,
polysaccharides, proteins, lipids, amino acids, and fatty acids,
were performed by Suzhou Keming Biotechnology Co., Ltd
(Suzhou Province, China).
2.7. Statistical analyses

ANOVAs (analyses of variance) analyses were performed to
estimate statistical parameters using SPSS for Windows
(version 25.0). Differences among means were identied
using the LSD test in SPSS. The relationships between the
substrate content and fatty acid content were analyzed using
Pearson correlations. We considered P < 0.05 to be statisti-
cally signicant.
3 Results and discussion
3.1. Effects of the substrate formulas on the agronomic
traits of the mushrooms

C/N ratios ranged from 33.61–54.68% across the 11 substrate
formulas (Table 1), consistent with previous studies on P.
ostreatus substrates.11,24 Across all substrates, the average
spawning time duration was 22–28 days. Spawning time was
shortest for T8 (22.18 days) and longest for T3 (28.0 days). The
lengths of the rst harvest period differed signicantly among
the 11 formulas (P < 0.05). T9 had the fewest days until rst
harvest (29 days), while T4 had the most (34.67 days). The
length of the rst ush period was 6–8 days from primordia
initiation to fruit-body maturation. The average cap diameter
was 42.56 mm (range 35.95–49.16 mm), the average stipe
thickness was 9.39 mm (range 35.95–49.16 mm), and the
average stipe length was 21.12 mm (range 15.65–26.59 mm).
The single branch weight ranged from 2.69 g to 4.40 g. As NPC
increased, yield rst increased and then decreased. T5 had
the greatest yield (121.32 g) and BE (43.7%). The yield and BE
of T10 (75.74 g and 27.1%, respectively), which was grown on
78% NPC, did not differ signicantly from the yield and BE of
CK (79.43 g and 28.3%, respectively), which was grown on
78% PC (Table 2).
eters of the fruiting bodiesa

m)
Stipe
length (mm)

Single branch
weight (g) Yield per bag (g) BE (%)

1b 25.36 � 6.54a 4.60 � 1.39b 79.43 � 11.44b 28.36 � 1.95b

6bc 15.65 � 6.59c 4.40 � 2.51a 82.71 � 20.55b 29.54 � 4.25b

8b 20.94 � 5.52b 4.56 � 2.51 ab 81.03 � 23.56b 28.94 � 4.16b

4bc 26.59 � 5.01a 2.69 � 1.24b 83.46 � 14.50b 29.81 � 2.37b

2b 23.32 � 7.49a 3.78 � 1.87b 95.32 � 29.61 ab 34.04 � 8.84 ab

0a 25.48 � 7.84a 4.87 � 2.50 ab 121.38 � 29.09a 43.35 � 8.63a

2b 26.15 � 7.83a 4.31 � 2.36b 108.8 � 21.99 ab 38.86 � 5.79 ab

6b 24.49 � 7.70a 3.59 � 1.80b 93.49 � 16.93 ab 33.39 � 3.77 ab

3bc 26.28 � 7.46a 3.42 � 1.81b 92.12 � 11.99b 32.90 � 1.22b

0bc 22.24 � 5.72 ab 3.58 � 1.19b 78.27 � 14.50b 27.95 � 2.80b

5c 24.61 � 6.03a 2.84 � 0.98b 75.74 � 12.01b 27.05 � 2.80b

differences (P < 0.05).

RSC Adv., 2021, 11, 883–890 | 885
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Fig. 1 Fruiting bodies of P. abieticola grown on different substrate formulas. (CK) compost consisted of 78% poplar chips; (T1) compost consisted
of 38% nematode-infected Pinus massoniana chips and 40% cottonseed hulls; (T2) compost consisted of 38% nematode-infected Pinus
massoniana chips, 20% corn cobs and 20% cottonseed hulls; (T3) compost consisted of 38% nematode-infected Pinus massoniana chips and
40% corn cobs; (T4) compost consisted of 45% nematode-infected Pinus massoniana chips, 27% corn cobs and 6% cottonseed hulls; (T5)
compost consisted of 45% nematode-infected Pinus massoniana chips, 6% corn cobs and 27% cottonseed hulls; (T6) compost consisted of 52%
nematode-infected Pinus massoniana chips, 13% corn cobs and 13% cottonseed hulls; (T7) compost consisted of 58% nematode-infected Pinus
massoniana chips and 20% corn cobs; (T8) compost consisted of 58% nematode-infected Pinus massoniana chips and 20% cottonseed hulls;
(T9) compost consisted of 65% nematode-infected Pinus massoniana chips, 7% corn cobs and 6% cottonseed hulls; (T10) compost consisted of
78% nematode-infected Pinus massoniana chips; (T5-1) the back, front, and profile views of fruiting bodies of P. abieticola.
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There were no signicant differences in spawning time or
yield between CK (grown on PC) and T10 (grown on NPC),
suggesting that NPC was a suitable substrate for the growth
of P. abieticola and might serve as a replacement for chips
from broad-leaved trees. The yield of mushrooms grown on
T5 was 1.6-fold greater than that of mushrooms grown on
T10, suggesting that an optimal blend of CC and CH would
increase yield. Similarly, supplementing rice straw growth
substrate with CH and CC increased the yield of P. orida.25

This might be because mixed substrates contain more types
of nutrients that promote growth. The rst ush BEs for P.
ostreatus, P. geesteranus, P. abalones, P. eryngii, and P.
886 | RSC Adv., 2021, 11, 883–890
nebrodensi on a substrate of old asparagus stalks were 77.1%,
74.8%, 42.8%, 30.9%, and 25.4%, respectively.26 Here, the
highest BE was 43.7% and the lowest BE was 27.1% in the
rst ush, which was lower than that of P. ostreatus and
higher than that of P. nebrodensi.

Fruiting bodies formed normally on substrate formulas
CK through T10 (Fig. 1). The colors of the pileus surfaces
were grey to brownish grey. When wet, the surfaces were
slightly viscid. The average cap diameter was less than 50 mm
(range 35.96–49.16 mm), and we harvested approminately
14–30 branches per bag (Table 2). The morphological char-
acters of the mushrooms grown in this study were consistent
© 2021 The Author(s). Published by the Royal Society of Chemistry
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with those described by Liu et al.12 The cap diameter, stipe
thickness, and stipe length of P. abieticola were smaller than
those of P. ostreatus and P. cystidiosus.27 This might suggest
that P. abieticola can potentially be cultivated as a small
mushroom (cap diameter < 5 cm), with a good taste and
a high protein content.

In recent years, many types of agricultural and forestry
wastes, including CC, corn straw, old and asparagus stalks, as
well as landll items, such as used diapers and food, have been
used as mushroom substrates8,10,26,28 Our results demonstrated
that NPC could be used as the main substrate for P. abieticola
cultivation.
3.2. Nutritional component analysis

Several fundamental nutritional characteristics of P. abieticola,
including the total sugar, polysaccharide, protein, and crude oil
contents, differed signicantly with respect to the dry-weight
abundance among the substrate formulas. The total sugar
content ranged from 16.60% � 0.65% (T8) to 28.90% � 0.92%
(T9), while the total polysaccharide content ranged from 2.71%
� 0.21% (CK) to 3.73% � 0.22% (T7). The protein content
ranged from 36.49%� 0.55% (T6) to 45.42%� 0.69% (T10). The
protein content of CK, which was grown on 78% PC, was 43.60%
� 0.46%. The crude oil content ranged from 1.03% � 0.07% to
4.34% � 0.17%; T6 had the lowest crude oil contents (1.03%),
and T1 had the highest (4.34%). T6 had the lowest protein and
crude oil content. The protein and crude oil contents of
mushrooms grown on NPC were signicantly higher than those
grown on PC (Table 3).

Substrate had a signicant effect on nutrient composi-
tion. The contents of total sugar, protein, and fat in P.
orida grown on rice straw supplemented with cotton seed
were 28.1%, 37.2%, and 5.4%, respectively; however, total
sugar, protein, and fat contents of P. orida grown on rice
straw alone were 52.8%, 19.6%, and 4.0%, respectively.25

Across all 11 substrate formulas, the total sugar content
ranged from 30% to 56%, lower than the total sugar
contents of P. ostreatus, P. cystidiosus, P. abellatus, and P.
sajor-caju.16,27 Zhao et al. found that soluble polysaccharide
contents in 19 P. ostreatus strains ranged from 0.555% to
Table 3 Nutritional contents of P. abieticola fruiting bodies harvested fr

Treatments Total sugar Polysacch

CK 17.34 � 1.10c 2.71 � 0.
T1 18.32 � 0.60c 2.85 � 0.
T2 24.01 � 0.81b 2.85 � 0.
T3 22.06 � 0.83c 2.94 � 0.
T4 21.81 � 1.53c 2.92 � 0.
T5 28.55 � 0.96a 3.34 � 0.
T6 24.20 � 0.70b 3.46 � 0.
T7 21.88 � 0.76c 3.73 � 0.
T8 16.60 � 0.65c 2.95 � 0.
T9 28.90 � 0.92a 3.26 � 0.
T10 20.54 � 0.18c 2.85 � 0.

a Different letters (a–f) in the same column and rank indicate signicant

© 2021 The Author(s). Published by the Royal Society of Chemistry
2.806%.29 The polysaccharide contents of P. abieticola
grown on NPC (T1–T10) were higher than those of P.
ostreatus. The protein values in oyster mushroom dry matter
we measured were consistent with previously reported
values (20–56%).24,27 Our results indicated that the fruiting
bodies of P. abieticola grown on all substrate formulas were
rich in polysaccharides and proteins but low in fat, making
these mushrooms excellent sources of nutrients for low-
calorie diets (Table 3).

3.3. Amino acid analysis

The amino acid contents of the fruiting bodies grown on
different substrate formulas were analyzed. The total
amino acid content ranged from 21.58% (CK) to 35.07%
(T6). The fruiting bodies contained 17 types of amino acids.
The most abundant of these was glutamine (Glu; mean
3.17%; range 2.42–4.11%), followed by proline (Pro; mean
3.12%; range 2.56–3.73%), leucine (Leu; mean 2.60%; range
2.09–3.19%), phenylalanine (Phe; mean 2.10%; range 1.56–
2.61%), and glycine (Gly; mean 2.01%; range 1.76–2.55%).
The least abundant amino acid was cysteine (Cys; mean
0.24%; range 0.10–0.74%). The most abundant essential
and inessential amino acids were Glu and Leu, respectively.
The high Glu content of P. abieticola reected its delicious
taste (Fig. 2).

The total amino acid content of P. abieticola was 21.58–
35.06%, while the total amino acid content of P. sajor-caju was
29.36–34.76% and that of P. orida was 8.92–20.2%.25,30 The
most abundant amino acids in P. sajor-caju were similar to
those of P. abieticola: Glu (4.14%), Ala (3.38%), Leu (2.5%), Pro
(2.24%), and Phe (2.23%).30 P. orida grown on Moso bamboo
sawdust primarily contained Ala, Glu, Arg, and Glu.25 The total
amino acid content of P. abieticola did not differ signicantly
from that of other Pleurotus species. However, the high Pro
content in P. abieticola might indicate that this mushroom
could have a high nutritional value.31,32

3.4. Fatty acid analysis

On average, across all substrate formulas, the most abun-
dant fatty acid was linoleic acid, followed by palmitic acid,
om different substrate formulas (g per 100 g dry weight)a

aride Protein Lipid

21d 43.60 � 0.46b 2.22 � 0.32d

17d 42.92 � 0.29b 4.34 � 0.17a

15d 39.48 � 0.38c 2.58 � 0.31d

23 cd 36.91 � 0.40ef 3.84 � 0.12b

09 cd 36.89 � 0.31ef 3.02 � 0.23c

03c 37.36 � 0.42e 1.78 � 0.19e

11b 36.49 � 0.55f 1.03 � 0.07f

22a 37.17 � 0.66ef 2.31 � 0.19d

08 cd 38.70 � 0.41d 2.26 � 0.15d

10c 38.13 � 0.24d 2.32 � 0.22d

18d 45.42 � 0.69a 2.64 � 0.32c

differences (P < 0.05).
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Fig. 2 Amino acid analyses of different substrate formulas. Glu:
glutamate; Pro: proline; Leu: leucine; Phe: phenylalanine; Gly: glycine;
Ala: alanine; Arg: arginine; Ser: serine; Thr: threonine; Asp: aspirate;
Tyr: tyrosine; His: histidine; Val: valine; Ile: isoleucine; Lys: lysine; Met:
methionine; Cys: cysteine. Avg: average.
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oleic acid, stearic acid, and pentadecanoic acid. In addition
to these abundant fatty acids, the fruiting bodies also con-
tained other fatty acids at lower abundances. Of these, the
most abundant was myristic acid, followed by methyl
arachidonate acid, arachidonic acid, 11,14-eicosadienoic
acid, palmitoleic acid, heptadecanoic acid, and arachidic
acid. T10 had the highest fatty acid content (8265.35 mg g�1),
while T3 had the lowest (5636.10 mg g�1). T10 also had the
highest levels of linoleic acid (6889.81 mg g�1) and palmitic
acid (555.35 mg g�1) (Table 4). NPC contains pine resin,
which might be transferred by mycelia. Therefore, we
investigated the relationship between the substrate content
and fatty acid content using Pearson correlation analysis.
We found that the NPC content was positively associated
with the total fatty acid, linoleic acid, palmitic acid, and
oleic acid contents. However, the CC and CH contents were
not signicantly associated with these parameters. Thus,
our results indicated that NPC increased the accumulation
of fatty acids (Table 5).

The main types of fatty acids identied in P. abieticola were
similar to those identied in other mushrooms, which
primarily included linoleic acid, palmitic acid, oleic acid, and
stearic acid.25 Here, in addition to the most abundant fatty
acids, the fruiting bodies also included several trace fatty acids,
such as myristic acid, methyl arachidonate acid, arachidonic
acid, 11,14-eicosadienoic acid, palmitoleic acid, heptadecanoic
acid, and arachidic acid. These fatty acids have been rarely
identied in the other mushrooms. Interestingly, the relative
contents of linoleic acid, palmitic acid, oleic acid, and stearic
acid with respect to total fatty acids were 82.36–84.03%, 6.42–
6.89%, 5.50–7.34%, and 0.92–1.43%, respectively. Linoleic acid,
which was the most abundant fatty acid, is an essential fatty
acid that cannot be synthesized by human bodies.33 Thus, these
fruiting bodies could potentially be further developed into
linoleic acid-related products.
888 | RSC Adv., 2021, 11, 883–890 © 2021 The Author(s). Published by the Royal Society of Chemistry
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Table 5 Correlation coefficients between substrate contents and fatty acid contentsa

Substrate content Total fat acid Linoleic acid Palmitic acid Oleic acid Stearic acid Pentadecanoic acid

NPC 0.72* 0.71* 0.69* 0.80** 0.32 �0.14
CC �0.41 �0.33 �0.56 �0.62 0.17 �0.18
CH �0.31 �0.36 �0.24 �0.27 �0.04 �0.40

a **, P < 0.01, *, P < 0.05. NPC, nematode-infected Pinus massoniana chips; CC, corn cobs; CH, cottonseed hulls.
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4. Conclusion

We found that P. abieticola successfully colonized substrate
formulas containing NPC as the main ingredient and formed
normal fruiting bodies. Therefore, NPC could be used as
a substrate for P. abieticola cultivation. Formula T5 (45% NFC,
6% CC, and 27% CH) was more suitable for mushroom culti-
vation because it led to greater yield and BE. In addition,
although fruiting bodies grown on CK (78% PC) did not differ
signicantly from those grown on T10 (78% NCF) with respect
to colonization period and yield, the contents of total sugars,
polysaccharides, crude proteins, crude oil, fatty acids, and
amino acids in the T10 grown mushrooms were signicantly
higher. Thus, the use of NPC as a substrate might improve the
nutrient accumulation of P. abieticola as compared to mush-
room grown on broadleaf tree chips. The fruiting bodies con-
tained 17 amino acids, primarily Glu, Pro, Leu, Phe, and Gly.
The fruiting bodies also contained 12 fatty acids. Linoleic acid
was the most abundant fatty acid, followed by palmitic acid,
oleic acid, stearic acid, and pentadecanoic acid. The total fatty
acid content was strongly positively associated with the NPC
content, which might indicate that NPC promoted fatty acid
accumulation. The results indicate it is protable to develop
and utilize NPC as a new potential substrate.
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