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Abstract

Hypsizygus marmoreus is an edible mushroom of commercial importance with medicinal properties. Therefore, cultured
commercial and stored strains of the fungus were evaluated for various cultivation characteristics (hyphal growth, and
size/morphology of fruiting body), and genetic diversity among the strains by inter-simple sequence repeat (ISSR) analysis.
We collected 32 H. marmoreus strains from different locations in China, and cultured them at the Gumuzhen Bio-technology
facility. The cultivation characteristics differed among the main H. marmoreus strains. The genomic DNA extracted from H.
marmoreus was amplified with 18 ISSR primers, which generated 199 bands The average number of amplified bands per
primer was 11.10 (mean polymorphism 87.4%). The polymorphism information content (PIC) value for ISSRs ranged from
0.39 to 0.50 (mean PIC value per ISSR 0.48), indicating a medium level of polymorphism among the strains. The analysis of
cultivation characteristics and ISSR data showed that there was rich diversity among the strains of H. marmoreus. A cluster
analysis based on ISSR results classified the 32 of strains of H. marmoreus into three main groups. These results showed that
ISSR is a useful tool for selecting potential strains and predicting hybrid performance in the outbreeding of mushrooms. ©
2013 Friends Science Publishers
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Introduction

Hypsizygus marmoreus (Peck) H.E. Bigelow is a small
mushroom widely distributed throughout Europe, Asia, and
North America. It grows on dead wood, for example wind-
thrown trees or tree stumps and produces fruiting bodies in
autumn (Huang, 1990; Akihisa et al., 2005; Bao and You,
2011; Monira et al., 2012). Recently, H. marmoreus has
become one of the most popular edible and medicinal
mushrooms in East Asia, because of its pleasant flavor, and
nutritional benefits. However, there is little information
about the characteristics of cultivated strains of this fungus,
and only limited information about the genetic diversity
among lines and cultivars. A reasonable level of genetic
diversity is required for sustainable mushroom production
because it act as a buffer against the spread of diseases. It is
also useful for selecting of genetically and morphologically
diverse parents to develop new strains.

The use of molecular markers is an efficient, effective,
and rapid way to analyze genetic diversity. Compared with
other methods, this method is less affected by environmental
factors and by age and physiological condition of the
samples, and (Ali et al, 2008; Bohn et al., 1999; Al-

Rawashdeh, 2011). Various molecular marker techniques
have been used to analyze the genetic diversity of edible
mushrooms (Du ef al., 2012; Liu et al., 2012; Pawlik et al.,
2012; Anderson et al, 2010). For instance, random
amplified polymorphic DNA markers were used to study the
diversity of Tricholoma matsutake (Bao et al., 2007; Nazrul
and Bian, 2010a; Tonk ef al., 2011). Although PCR-based
molecular markers have been widely used in genetic studies,
their applications in analyses of edible fungi are limited
because of the lack of reference sequencing data. The inter-
simple sequence repeat (ISSR) developed by Zietkiewicz et
al. (1994), is PCR-based method that involves amplification
of a DNA segment present at an amplifiable distance
between two identical micro-satellite repeat regions oriented
in opposite directions. The ISSR method has several
advantages over other molecular marker methods; that is,
DNA sequence information is not required before
amplification, it is inexpensive, simple and highly stable,
and it yields abundant genomic information (Bohn et al.,
1999; Camacho and Liston, 2001; Patzak, 2001; Behera et
al., 2008; Sabou et al., 2010). It can be used to identify
species or varieties, to evaluate genetic diversity, in breeding
programs, and for genomic finger printing (Bornet and
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Branchard, 2001; Joshi et al., 2004; Reddy et al., 2002,
Thangavelu et al., 2012; Zhang et al., 2012). Lee et al.
(2012) and Wang et al. (2009) developed sequence-
characterized amplified region (SCAR) and amplified
fragment length polymorphism (AFLP) marker to identify
commercial and wild strains of H. marmoreus. However,
only a few strains and primers were used. To expand on
those results, we cultivated H. marmoreus strains under
factory production standards to study various cultivation
characteristics (growth of hyphae, time required for mycelia
to cover the substrate, and the morphology and weight of
fruiting-bodies). We also used 18 ISSR primers to analyze
the genetic diversity of 32 Chinese strains of H. marmoreus.
Two indices obtained from the ISSR data, namely,
polymorphism information content (PIC) and marker index
(MI), were useful to estimate genetic diversity and to
distinguish strains of H. marmoreus.

Materials and Methods
Fungus Materials

The 32 strains of H. marmoreus were collected from the
following institutions: nine strains from the Agricultural
Culture Collection of China, Beijing, seven strains from
Provincial Institutes of Agricultural Science (2 from Fujian,
2 from Hunan, 2 from Sichuuan, 1 from Zhejiang); one
strain from Huazhong agriculture university; four strains
from Institutes of Edible Fungi and Mushroom (2 from
Gaoyou, 1 from Tianda, 1 from Mianyang; one strain from
Changbaishan, Jinlin; and five strains from commercial
mushroom enterprises of mushroom (three from Shanghai, 1
from Shandong, 1 from Guangdong). Of the 32 strains, 10
were stored strains and 22 were commercial strains (see
Supplementary materials). For each strain, mycelia were
cultured on potato sucrose agar medium at 25°C before the
experiments.

Cultivation of H. marmoreus

To culture each strain, the mycelia from a liquid culture
were inoculated onto solid substrate (a commercial
formulation used at the Gumuzhen Bio-technology facility)
in a wide-mouth polypropylene bottle, and grown for
approximately 80d at 20°C. Fruiting was induced by
reducing the temperature to 15.6°C in an incubation
chamber with 1,700—3,000ppm CO, and 96% relative
humidity. Each of the strains had 16 replications.

DNA Extraction

Genomic DNA was extracted from fresh mycelia using the
Sangon Fungus Genomic DNA Extraction kit (Sangon
Biotech Co., Ltd., Shanghai, China). DNA concentration
and purity were determined by spectrophotometry
(BioSpec-nano, Shimazu, Japan) and electrophoresis on
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1.4% agarose gels with known standards.

ISSR PCR

We tested and screened 50 ISSR primers synthesized by
Sangon (Sangon Biotech Co., Ltd., Shanghai, China) using
7 DNA samples from H. marmoreus strains. The primers
tested were those published by the University of British
Columbia Canada (UBC set no. 9). We selected 18 ISSR
primers capable of producing clear and reproducible bands
for amplification of all DNA samples (Table 1).

PCR was performed in a 25 pL reaction mixture
containing 30ng template DNA, 1.5 puL 2.5mM dNTP,
1.5 uL 25 mM MgCl,, 1.5 pL 10xbuffer (0.1 mM EDTA,
100 mM KCl, 20 mM Tris-HCI in pH8.0), 1 uL 10 mM
primers, and 0.5 uL. 2.5U of Taq DNA polymerase (Tiangen
Biotech, Beijing, China). A blank control and three negative
controls were designed to improve the accuracy and
reliability of ISSR results. The three negative controls
contained DNA from Coprinus comatus, lack primers, or
lack Taq polymerase. To ensure the specificity of the
experiment, only the bands specific to H. marmoreus were
counted; that is, bands that were also amplified from C.
comatus were excluded from analyses. Controls without
primers or Taq polymerase were used to detect and
eliminate reagent contamination.

Amplification was performed using a Biometra
Professional The rmocycler (Biometra, GmbH, Germany)
with optimized annealing temperatures for individual
primers. The thermal cycling conditions were as follows:
initial strand separation cycle at 94°C for 10 min, followed
by 35 cycles of 1min at 44.1 to 53.1°C (Table 1), extension
at 72°C for 2.5 min, and final extensions for 10 min at 72°C.
Products were stored at 4°C until analysis.

Amplified products were electrophoresed in 2%
agarose gel with 0.5 Tris/Borate/EDTA buffer at 140 V for
2h and then stained with ethidium bromide (0.5 g/mL). Gels
with amplification fragments were visualized and
photographed under ultraviolet light using a GE Image
Quant Digital Imaging System (GE Healthcare Bio-
Sciences AB, Sweden). The Normal Rum™ Prestained 250
bp-II DNA ladder was used as a molecular size standard
(Generay Biotech. Co., Ltd., Shanghai, China).

Data Analysis

ISSR amplification products were compared with markers
and scored using a binary code (present,1; absent, 0) using
Image-master 1D software (Gel-Pro Analyzer, Media
Cybernetics, Bethesda, Maryland). Only well-separated
bands with a high intensity of polymorphism were selected
as markers. Pairwise comparisons were calculated using
Jaccard's coefficient (Jaccard, 1901). The similarity values
were used to generate a consensus tree using the un-
weighted pair group method with arithmetic mean
(UPGMA) algorithm (Nei, 1973). Analyses were performed
with NTSYS-pc version 2.1 (Rohlf, 2000). The PIC, MI,
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Table 1: ISSR markers used to analyze of genetic diversity of H. marmoreus

Primer Sequence(5'—3") AT(°C) B PB P(%) PIC MI FSR (bp)
UBC807 (AG)T 46.5 13 12 923 0.50 6.50 250-2000
UBC808 (AG)C 49.7 14 11 78.6 0.43 6.02 450-2200
UBC810 (GA)T 45.1 12 10 83.3 0.49 5.88 250-2800
UBCB811 (GA)C 45.8 14 11 78.6 0.50 7.00 400-3000
UBC812 (GA)A 45.8 13 12 923 0.49 6.37 250-3000
UBC822 (TC)sA 453 13 11 84.6 0.48 6.24 200-3000
UBC823 (TC)sC 45.5 8 8 100.0 0.48 3.84 250-2000
UBC824 (TC)G 46.5 5 5 100.0 0.48 2.40 300-4000
UBC834 (AG)(C/T)T 53.1 14 10 714 047 6.58 200-3000
UBC835 (AG)(C/T)C 46.3 6 5 83.3 0.50 3.00 500-2000
UBC836 (AG)(C/TA 479 8 7 87.5 0.49 3.92 100-1500
UBC840 (GA)(C/T)T 46.3 9 9 100.0 0.50 4.50 250-1200
UBC841 (GA)(C/T)C 46.1 9 9 100.0 0.50 4.50 250-1500
UBC842 (GA)(C/T)G 50.9 16 16 100.0 0.50 8.00 200-2200
UBC853 (TC)s(A/G)T 44.6 12 11 91.7 0.39 4.68 250-3000
UBC854 (TC)s(A/G)G 44.1 9 7 77.8 0.50 4.50 250-3000
UBC899 CATGGTGTTGGTCATTGTTCCA 49.8 14 9 529 0.43 6.02 200-3000
UBC900 ACTTCCCCACAGGTTAACACA 50.1 10 10 100.0 0.45 4.50 250-2200
Total 199 173

Minimum 5 5 529 0.39 2.40

Maximum 16 16 100.0 0.50 8.00

Mean 11.10 9.61 87.46 0.48 5.25

AT: annealing temperature. TB: total ISSR band. PB: polymorphic bands. P(%): Polymorphism. PIC: polymorphism information content. MI: marker

index. FSR: fragment size range

qualitative nature of data, and effective MI were calculated
as follows:

PIC values measure the information of a given DNA
marker, PIC;= I—Z(Pij)z, where Pj is the frequency of the it
pattern revealed by the j" primer summed across all patterns
revealed by the primers (Botstein et al., 1980; Anderson et
al., 1993). The MI is the product of the total number of loci
per primer (n). The MI was calculated for each ISSR primer
as MI = PIC x 3, where PIC is the mean PIC value, n is the
number of bands, and B is the proportion of polymorphism
(Powell et al., 1996).

Results
Cultivation of H. marmoreus

The H. marmoreus mycelia were cultivated on a solid
substrate in polypropylene bottles. The strains FINK-1, HN-
1, and JSTD could not grow on sawdust. GDGM26173 and
HNNK formed only or two very small fruiting bodies at
harvest time. The remaining strains grew on solid substrate,
produced white mycelia, and produced fruiting bodies during
cultivation (Fig. 3). The shortest time for hyphae to cover the
fully substrate (HCFS) was 33 d (Fig. 3). After the decrease
in temperature to induce fruiting, 27 strains produced fruiting
bodies. The color of the fruiting body varied among the
strains: dark grey, dark stripe, grey brown with water spots,
grey, white, or ivory white (Fig. 1). The pileus ranged from 1
to 60 mm in height, while the stipe range from 20 to 90 mm
in height. The fresh weight was 0 to227gper bottle. The H.
marmoreus strains could be divided into several types
according to the fruiting body morphology (color, shape,
uniformity). Fig. 1 shows typical and representative
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Fig. 1:Fruiting bodies of cultivated strains/partial strains of
H. marmoreus; a, GDGM26169; b, GDGM26170; c,

GDGM26172; d, FINK-2; e, ACCCS50474;
ACCC51661; g, HBYC; h, SM-4; i, SCNK

f,

morphologies of each type. The fruiting bodies of the white
H. marmoreus strains were neat and uniform, (Fig. 1), while
those of the brown strains showed irregular morphologies
(Fig. 1). The yield from the commercial strains was generally
higher than that from the stored strains.

ISSR Experiment

After screening, we selected 18 ISSR primers that produced
clear bands with good polymorphisms and reproducibility.
We optimized annealing temperatures for all the primers
before experiments (Table 1). The optimum annealing
temperature of selection primers ranged from 44.1 to 53.1°C.
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Fig. 2: Band profiles of Hypsizygus marmoreus generated by ISSR markers. UBC807. BC, blank control; C1, no primers;
C2, no Taq polymerase; C3, Coprinus comatus., and Lines 1 to 32 show profiles of H. marmoreus (see Supplementary
materials)

Colorof fruiting body Time(D) Fresh weight Strain  Clusterbased on ISSR data
(@ Rank

Grey brown, marble stripe 54.8£14.8 24.2:49 24 ACCCS0474

Dark grey, water spots 54.5-14.8 56,4299 19 ACCCS 1145

Grey brown, dark stripe  36.5:4.9 159.2:235  § ACCCS1532:

White 35.0:2.8 5242185 20 A ACCCS1661

Grey brown >65.0 224273 25 ACCCS1800

Dark grey 35.0:2.8 51.6+38.2 21 ACCCS 1 7 mmmeeeeeeeeee
Dark greymarble stripe  41.0=42 136.2:318 10 ACCCS1533

White 38.5=7.8 67.8225.6 15 B|  ACCCSISH

Dark greydark stripe 395274 46.1:38.6 22 ACCCS51583

Grey 36.5:4.9 1459194 7 GDGM26168

Dark brown

Grey brown, waterspots  >65.0  166.8:26.3 3 (1
Dark brown, marble stripe 35.0:2.8 4182175 23

Grey, marble stripe >65.0  15.2£147 26

*

Ivory white 35.0:2.8 63.6:19.0 17

Grey, brown stripe 35.0=2.8 613417 18

Grey brown, waterspots  35.0:2.8 186.2:26.2 2

Grey, water spots >65.0  157.2:23.1 6 v
* C
Dark brown 38.5:2.1 141.4230.0 8

Dark brown, water spots  35.0:2.8 65.9:24.6 16

Grey brown 39.5:6.4 111.9£53.9 12

Ivory white 35.0:2.8 159.7:27.7 4

White 36.5:4.9 141.4:26.4 8

White 36.5:4.9 103.8:293 14

Ivory white 38.5:7.8 130.8:26.4 11

White 54.5:14.8137.5:34.2 9

Grey brown, water spots ~ >65 -

Ivory white 38.0:5.4 105.6:25.0 13

Ivory white 35.0:2.8 188.1:119 1

*

085 033 080 078 075 073 070 07 065 062
Cocflicient

Fig. 3: Characteristics of H. marmoreus strains during cultivation and phylogenetic tree based on ISSR data (Rohlf, 2000)

*No hyphal growth or contamination

- Fruiting body too small to harvest

Time: Time until formation of fruiting bodies
Rank: Rank of the average fresh weight
Values shown are mean + standard deviation
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The 18 selected ISSR primers generated 199 scorable
bands, including 173 polymorphic band. The total number
of bands amplified by single ISSR primer ranged from 5 to
16 with an average of 11.10. The proportion of polymorphic
bands ranged from 52.9% (primer UBC899) to 100%
(primers UBC823, UBC824, UBC840, UBC841, UBC842,
and UBC900) with an average of 87.46% (Table 1). The
size of the detected fragments ranged from 100 to 3000 bp
(Table 1; Fig. 2).

The PIC and MI values are shown in Table 1. The PIC
value for ISSRs ranged from 0.39 to 0.50 and the mean PIC
value per ISSR was 0.48. The MI for ISSRs ranged from
2.40 to 8.00 and the mean MI per ISSR was 5.25.

Polymorphism Analysis

A phylogenetic tree was constructed by UPGMA cluster
analysis using 199 ISSR bands from the 32 strains of H.
marmoreus (Fig. 3). All strains were classified into three
groups (at Jaccard's similarity coefficient of 0.640). Group
A consisted of eight storage strains: ACCC50474,
ACCC51149, ACCC51532, ACCC51533, ACCCS51536,
ACCC51661, ACCC51583, and ACCC51800. Group B
consisted of five strains: GDGM26168, ZINKYY, CYQH,
HNNK, and CBS-1. The remaining strains were clustered
into Group which contained three sub-clusters (at Jaccard’s
similarity coefficient of 0.675).

Discussion

The strains FINK-1, HN-1, and JSTD could not grow on
sawdust, possible because of lower vigor or poor resistance
resulting in no germination, while mycelia of GDGM26173
and HNNK showed growth on sawdust with poor fruiting.
This may be due to poor adaptation to the growth conditions
such as growth medium or environmental factors resulting
in strain degeneration (Kaur ef al., 2011; Lee ef al., 2011).
The HCFS varied among strains. Genetic or environment
factors were the key determinant of the HCFs. The HCFS
was negatively correlated with the fresh weight of the
fruiting body showing that fresh weights of strains with
shorter HCFS were greater than those of strains with longer
HCEFS. Although the HCFS of strains HBYC and ZINKYY
was longer than 65 days, yet the fresh weights of their
fruiting bodies were higher than those of most other strains.
This may be due to increased vigor as they reached maturity.

ISSR markers have been used to study the genetic
diversity of some edible mushrooms (Qin et al., 2006;
Nazrul and Bian, 2010b). Previous studies showed that the
quality of PCR amplification is mainly affected by the
Mg* concentration and the primer annealing temperature
(Bornet and Branchard, 2001). In our study, the optimal
annealing temperatures for all primer were lower than those
reported for the primers used to analyze Agaricus bisorus
(Nazrul and Bian, 2010a). The optimal primer annealing
temperature may differ among species (Najaphy et al,
2011). The previous reported annealing temperature for
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ISSR amplification with different primers (Primmer et al.,
2005; Najaphy et al., 2011; Nazrul and Bian, 2011) was not
able to amplify clear polymorphic bands, or generated
smeared banding patterns. The primers in the present study
amplified clear, specific, and polymorphic bands at low
annealing temperature (Fig. 2).

The PIC value provides an estimate of the
discriminatory power of the ISSR marker to detect
polymorphism. A low PIC value (0.00-0.25) implied that
there is poor genetic diversity among samples, PIC value
between 0.25 and 0.5 indicates a medium level of genetic
diversity, and high PIC value (>0.50) indicated a high level
of genetic diversity (Botstein et al., 1980; Anderson et al.,
1993; Smith et al., 1997; Kim and Ward, 2000; Tams et al.,
2005; Varshney et al., 2007). The PIC values for markers in
the present study ranged from 0.39 to 0.5, with a mean value
of 0.48. These findings indicated a medium level of genetic
diversity among the studied H. marmoreus strains.

The vast majority of white H. marmoreus strains were
classified into cluster C; thus the color of fruiting body was
consistent with ISSR data (Fig. 3).This may indicate that the
white strains were more genetically stable than the other
strains. The strains with shorter HFCS and higher mean
fresh weight were also clustered into cluster C. These
findings indicated that two characteristics cultivation of the
fungi were correlated with ISSR results. In the ISSR
polygenetic tree, most of the stored strains were in one main
branch, indicating that the types of strain were also
correlated with ISSR results. This may also reflect the
greater level of the mutation and genetic recombination
among the commercial cultivar (Shnyreva et al., 2004). The
characteristics of the cultivated strains and the ISSR results
showed that the commercial strains were more genetically
diverse than the stored strains, possibly because of high
selection pressure and frequent culturing, leading to new
genetic recombination. In contrast, there would have been
limited opportunities for genetic recombination in the stored
strains. Although the stored strains did not show longer
HCFS or greater average fresh weight than the commercial
strains, some strain showed potential commercial value and
could be trialed in commercial production. The lower yields
of white H. marmoreus than those of other strains suggested
that there is higher genetic stability among white strains.
The stored strains of ACCC51729 and CBS-1 were
classified into the same group as some commercial groups,
possibly indicating that they shared an ancestral parent with
commercial strains. The ancestors of the commercial
cultivars might have come from two provenances:
ZINKYY, CYQH, CBS-1, and HNNK from one
provenance, and the other strains from another from another
provenance.

In conclusion, the cultivated characteristics during
cultivation (hyphal growth rate, color, shape, weight of
the fruiting body and fruiting time) varied among H.
marmoreus strains. The ISSR analyses showed a medium
level of genetic diversity among H. marmoreus strains. The
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results of this study indicated that strains of H. marmoreus
show abundant diversity in morphological and genetic
diversity, and that ISSR is a useful tool for selecting
potential strains and for predicting hybrid performance in
the outbreeding of mushrooms.
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