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Abstract: China possesses abundant wild germplasm resources and a wide range of cultivated
strains of Stropharia rugosoannulata. However, issues such as genetic diversity and unclear genetic
relationships have had an impact on the classification and preservation of germplasm resources, the
breeding of new varieties, and the promotion of superior strains. There is an urgent need for genetic
diversity analysis and assessment of germplasm resources. In this study, we conducted whole-genome
resequencing of 50 cultivated and wild strains collected from various regions across the country.
After applying a series of filtering parameters, we obtained 888,536 high-quality Single Nucleotide
Polymorphism (SNP) markers. Using these SNP markers, we performed principal component
analysis, population structure analysis, and phylogenetic clusters analysis on the 50 strains. Most
cultivated strains exhibited high genetic similarity, while significant genetic diversity was observed
among wild strains. Based on factors such as marker distribution throughout the entire genome and
marker quality, we selected 358 core SNP markers to construct SNP fingerprints. Two-dimensional
barcodes were generated for each strain to enable specific identification. Additionally, the mycelial
growth rate of strains was evaluated on Potato Dextrose Agar (PDA) and substrate culture media. We
also assessed their lignin degradation capability using guaiacol agar plates assay. It was observed that
the mycelial growth rate on PDA and substrate culture medium exhibited a significant correlation
with the diameter of the mycelial colony on guaiacol agar medium. Additionally, the correlation
between the mycelial growth rate on the substrate medium and that on the guaiacol agar plate
was stronger than that on PDA medium. This study provided molecular-level identification and
assessment of germplasm resources. It clarified the genetic relationships among strains and the
characteristics of mycelium growth-related agronomic traits of each strain. This research contributed
to the enrichment and development of utilizable germplasm resources and breeding materials for S.
rugosoannulata, offering a scientific basis for further research.

Keywords: Stropharia rugosoannulata; germplasm resources; SNP; fingerprint; agronomic trait
characteristics

1. Introduction

Stropharia rugosoannulata belongs to the phylum Basidiomycota, class Agaricomycetes,
order Agaricales, and family Strophariaceae. It has been recommended by the Food and
Agriculture Organization (FAO) of the United Nations as one of the edible mushrooms
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suitable for cultivation in developing countries [1,2]. In the 1960s, Germany successfully
cultivated this mushroom for the first time [3], and, subsequently, other European countries
also started cultivation. Cultivation in China began in the 1990s. It has been commercially
produced internationally in China, the United States, Poland, Germany, Russia, etc. [4]. The
wild strains distributed throughout various regions of China, including Yunnan, Sichuan,
Xizang, Jilin, etc. [1,3]. According to statistics from the China Edible Fungi Association
(CEFA), the production of this mushroom in China increased by 93.05% in 2022 compared
to 2021, reaching approximately 410,500 tons in 2022.

S. rugosoannulata mushrooms have thick stems and caps, a delightful aroma, and a
tender, crispy texture. They contain many minerals, B vitamins, polysaccharides, and
triterpenoids [5]. They are low in fat and contain ten non-essential amino acids in addition
to the eight essential ones [6,7]. Polysaccharides found in these mushrooms effectively
boost the immune system; lower blood lipids [8]; exhibit antiviral and antioxidant proper-
ties [9,10]; possess antibacterial and antitumor activities [11]; and support liver health [12],
making them suitable for the development of functional foods and medicines [13,14]. S.
rugosoannulata mushrooms are being cultivated widely in various regions of China, which
contributes to an efficient and sustainable circular economy, integrating agriculture and
animal husbandry, achieving economic and ecological benefits, and combining land use
with soil improvement. The mycelia are able to degrade cellulose and lignin through the
secretion of extracellular enzymes, effectively utilizing agricultural and forestry residues
such as straw and fallen leaves [15]. It can also reduce the concentration of Escherichia coli in
water [16], mitigate nematode damage to vegetable roots [17], remediate soil contaminated
with wood preservatives, and degrade toxic substances [18]. When combined with biochar,
these mushrooms can enhance soil microbial populations, soil respiration, and enzyme
activity [19]. After degrading contaminated soil with 2,4,6-trinitrotoluene (TNT), 17.5% of
the nitrogen was absorbed and synthesized into amino acids by the mycelium [20]. The
residues of cultivation can improve soil quality through providing nutrition for soil mi-
croorganisms, and can be used as organic fertilizer or feed, leading to significant economic
and ecological benefits.

Currently, research on the evaluation of germplasm resources has primarily used tech-
niques such as Sequence-Related Amplified Polymorphism (SRAP), Inter-Simple Sequence
Repeat (ISSR) molecular markers, isozymes, and Random Amplified Polymorphic DNA
(RAPD) to analyze the genetic diversity and genetic relationships among strains [21,22].
However, these previous studies had limitations in terms of the low number of strains
analyzed and the relatively poor repeatability and stability of the molecular markers, which
restricted the accurate assessment of genetic diversity in germplasm resources. Single
Nucleotide Polymorphism (SNP) has become the most widely used genetic marker for
genotyping, and it can be obtained through whole-genome resequencing, providing molec-
ular markers that are dispersed throughout the entire genome [23]. The complete genome
sequence of S. rugosoannulata has been reported, with a size of 47.9 Mb, including 20 scaf-
folds, a GC content of 47.95%, and an N50 of 3.73 Mb (NCBI: GCA 028532985.1) [24]. Due
to the lack of precise identification and evaluation of germplasm resources, the breeding of
new varieties lags behind other edible mushroom species.

SNP markers (SNPs) were used to assess genetic diversity and population struc-
ture [25,26], as well as to identify important germplasms for various organisms. The high
heritability of these SNPs made them excellent indicators of genetic diversity and phy-
logenetic evolution in fungal species [27]. SNPs have been applied in the identification
of cultivated mushroom varieties and the study of functional genes, establishing links
with phenotypic traits [28,29]. In summary, the use of DNA molecular markers, partic-
ularly SNPs, for the identification of germplasm resources is crucial for overcoming the
limitations of traditional morphological identification methods. DNA fingerprinting is a
powerful method for identifying genetic diversity and distinguishing between different
plant varieties based on molecular markers or specific sequences [30-32], which has been
widely applied in the diversity assessment and purity identification of various crops [33].
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SNPs are the preferred markers for establishing DNA fingerprint databases due to their
abundance, widespread distribution, high stability, and repeatability, which have been used
to analyze the effect of the environment on the population structure of exotic mycorrhizal
species [34]. However, there are currently no fingerprint databases based on SNPs available
for S. rugosoannulata.

Mycelial growth rate is an important agronomic trait of mushroom strains, including
the growth rate on Potato Dextrose Agar (PDA) and substrate culture media. PDA cul-
ture media are nutrient rich, while substrate culture media contain abundant lignin and
cellulose. During mycelial growth, the secretion of lignocellulose-degrading enzymes by
the mushroom contributes to its nutrient uptake and growth [35,36]. Previous research
has found that the lignin degradation capability of a mushroom strain is closely related to
myecelial biomass and the yield of fruiting bodies. Enzyme activities, particularly laccase
activity, can reflect mycelial vitality to some extent and correlate with mycelial growth and
fruiting body development [37-39]. Genomic functional annotation and analysis of cell
wall-degrading enzymes indicated a rich lignocellulase system of S. rugosoannulata [15,40].
Various agricultural and forestry residues can be used as substrates for cultivating, which
contain abundant lignocellulose. The analysis of enzymes involved in substrate degrada-
tion could facilitate the optimization of cultivation substrates and the improvement of the
quality of cultivation when utilizing the copious lignocellulosic residues from agriculture
and forestry as substrates. Guaiacol has been often used as a model compound for lignin
catalysis studies [41]. The ability of strains to produce lignin-degrading enzymes can be
screened for by using guaiacol agar plates [42—44], with the diameter of mycelial zones and
oxidation zones as evaluation indicators [45,46].

The germplasm resources of S. rugosoannulata are abundant in China, and there are
numerous cultivated strains. However, the existence of various names for the same or
closely related varieties has led to confusion in classification, as well as to unclear genetic
specificity and relationships among strains. These issues have made it difficult to clas-
sify and preserve germplasm resources, select suitable parents for breeding, and promote
superior varieties. Therefore, there is an urgent need for genetic diversity analysis and
evaluation of germplasm resources. In this study, genome-wide high-quality SNPs were
discovered based on whole-genome resequencing data from 50 strains of S. rugosoannulata
collected from various regions of China. Population genetic analyses were conducted.
Uniformly distributed core SNP sites were selected for generating SNP fingerprints and
two-dimensional barcodes (2D-barcodes). This comprehensive approach allowed for the
exploration of genetic variation information and a deeper understanding of the genetic
diversity and population structure of the 50 strains germplasm resources. Additionally,
evaluation of agronomic traits was conducted, focusing on mycelial growth rate and lignin
degradation capability. The identification and assessment of strains were conducted at
both the molecular and agronomic trait levels, clarifying the genetic relationships among
strains and the characteristics of agronomic traits of each strain. Excellent germplasm re-
sources were identified, providing a scientific basis for enriching and developing utilizable
germplasm resources and breeding materials for S. rugosoannulata.

2. Materials and Methods
2.1. Experimental Materials
The test strains were collected and stored in the China Center for Mushroom Spawn

Standards and Control (CCMSSC). Detailed information regarding strain numbers, names,
and their sources can be found in Table 1.

2.2. DNA Extraction and Re-Sequencing

Genomic DNA of the tested strains were extracted from mycelia collected on PDA
plates by using the CTAB method. The NanoDrop 2000 spectrophotometer (Termo Fisher
Scientifc, Waltham, MA, USA) was used to detect DNA concentration and purity [47].
Sequencing libraries with 350 bp inserts were constructed, and the libraries were sequenced
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on the llumina/BGI sequencing platform by Biomarker Technologies Co., Ltd. (Beijing,
China), generating paired-end sequences of 150 bp.

Table 1. The test strains.

Source of Source of

No. Strains . . Cultivated/Wild No. Strains . . Cultivated/Wild
Origin Origin

1 A4796 Beijing Cultivated 26 A2 Shandong Cultivated
2 B3 Beijing Cultivated 27 A4680 Shandong Cultivated
3 z2 Beijing Cultivated 28 A6 Shandong Cultivated
4 A4483 Fujian Cultivated 29 DQ88 Shandong Cultivated
5 A4488 Fujian Cultivated 30 DT Shandong Cultivated
6 A4489 Fujian Cultivated 31 G2 Shandong Cultivated
7 A4490 Fujian Cultivated 32 JN Shandong Cultivated
8 A4491 Fujian Cultivated 33 R7 Shandong Cultivated
9 SM Fujian Cultivated 34 S Shandong Cultivated
10 R8050 Fujian Cultivated 35 XN Shandong Cultivated
11 A4486 Guizhou Cultivated 36 R8051 Shanghai Cultivated
12 DQ10 Heilongjiang Cultivated 37 DYP201 Sichuan Cultivated
13 DQ3 Heilongjiang Cultivated 38 R8049 Sichuan Cultivated
14 DQ5 Heilongjiang Cultivated 39 WQP2012 Sichuan Cultivated
15 A4487 Henan Cultivated 40 XJo1 Xinjiang Cultivated
16 WH Hubei Cultivated 41 XJ02 Xinjiang Cultivated
17 A4484 Jiangsu Cultivated 42 XJo3 Xinjiang Cultivated
18 A4485 Jiangsu Cultivated 43 A4890 Yunnan Wild

19 A4422 Shaanxi Cultivated 44 A4891 Yunnan Wild

20 Al Shandong Cultivated 45 A4892 Yunnan Wild

21 Al0 Shandong Cultivated 46 A4894 Yunnan Wild

22 Al12 Shandong Cultivated 47 A4895 Yunnan Wild

23 A1298 Shandong Cultivated 48 A4896 Yunnan Wild

24 Al7 Shandong Cultivated 49 A4897 Yunnan Wild

25 Al18 Shandong Cultivated 50 A4898 Yunnan Wild

2.3. SNP Identification and Marker Selection

The detection of SNPs was primarily carried out using the GATK (v3.8) software
toolkit. Redundant reads were filtered using samtools (v1.9) based on the alignment of
Clean Reads to the reference genome (NCBI: GCA 028532985.1) to ensure the accuracy
of the detection results. SNP variations were then detected using the Haplotype Caller
algorithm of GATK (v3.8).

Quality control of the variation results was conducted through strict filtering to ensure
the reliability of the variation results. The main filtering parameters included: (1) Filtering
out SNPs within 5 bp of InDels and InDels within 10 bp of each other using the subprogram
vcfutils.pl (var Filter -w 5 -W 10) from bcftools; (2) cluster Size 2 cluster Window Size
5, indicating that the number of variations within a 5 bp window should not exceed 2;
(3) QUAL < 30, representing the Phred-format quality value, indicating the likelihood of
the presence of a variant at that position (positions with quality values below 30 were
filtered out); (4) QD < 2.0, the ratio of variation quality (Quality) to coverage depth (Depth),
where coverage depth is the sum of the coverage depths of all samples containing variant
bases at that position (positions with QD below 2.0 were filtered out); (5) MQ < 40, the root
mean square of the quality values of all reads aligned to that position (positions with MQ
below 40 were filtered out); and (6) FS > 60.0, a value derived from Fisher’s test p-value,
which describes whether there is significant positive or negative strand specificity for
reads containing only variants or reads containing only reference sequence bases during
sequencing or alignment. In other words, strand-specific alignment results should not
occur, so FS should be close to zero. Positions with FS greater than 60 were filtered out.
In the final filtering parameter, (7) other variation filtering parameters were processed
with default values as specified by GATK (v3.8) [48]. The raw data in fastq format (Raw
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data) were first processed using fastq. In this step, sequences containing adapters, ploy-N
sequences, and low-quality sequences were removed from the raw data to obtain clean data.
Simultaneously, Q20, Q30, GC content, and sequence duplication levels were calculated.
All downstream analyses were performed based on high-quality clean data. The effective
data were aligned to the reference genome sequence using the bwa-mem?2 (v2.2) software.

2.4. Population Genetic Analysis

Using the SNP data, principal component analysis (PCA) was performed to obtain
clustering information about the samples by the EIGENSOFT (v6.0.2) software. The ad-
mixture (v1.3.0) software was used to analyze the population structure of the materials.
The IQ-TREE (v2.0) software was utilized to infer the genetic relationships between the
materials based on genetic data using the maximum likelihood method with 1000 bootstrap
repetitions. A distance matrix was constructed, and a phylogenetic tree was generated
based on this distance matrix.

2.5. Selection of Core SNP Markers and Construction of SNP Fingerprints

Using 50 strains of S. rugosoannulata as materials, well-genotyped markers were
selected as candidate markers for core SNP markers. The criteria for selecting core SNP
markers included: markers that are evenly distributed across the genome, with none
missing (i.e., 100% completeness); markers with a Minor Allele Frequency (MAF) of less
than 20% were discarded; markers with a Polymorphic Information Content (PIC) of
less than 0.35 were discarded; markers with a Hardy-Weinberg test p-value greater than
0.01 were retained; and no other mutations were present within 100 bp before and after
the selected markers [49]. Fingerprints and 2D-barcodes were generated for the 50 strains
based on the selected core SNP markers by using the Qrencode program [49].

2.6. Agronomic Trait Evaluation
2.6.1. Mycelial Growth Rate Evaluation

Activated strains were evenly inoculated from the colony edge by taking mycelial
plugs of 5 mm in diameter and placing them in the center of DifcoTM standard PDA (Becton,
Dickinson and Company, Sparks, MD, USA) plates. Each strain had three replicates, and
they were incubated at 25 °C. The colony diameters were measured with a Vernier caliper
on the 5th and 9th days after inoculation.

Prepared substrate culture media were placed in 32 x 200 mm test tubes, with each
tube containing 50-55 g (wet weight) of substrate (99% wood chips and 1% limestone
with a water content of 60-65%). The tubes were sealed and autoclaved at high pressure
(121 °C, 90 min). Mycelial plugs of 1 cm in diameter were inoculated at the top surface
of the substrate in tubes, and the tubes were placed upright in a 25 °C incubator. Each
strain had three replicates, and the mycelial growth rate was measured on days 5, 10, and
15 during incubation.

2.6.2. Evaluation of Lignin Degradation Capability

Mycelial plugs (5 mm in diameter) of the tested strains were inoculated in the center
of guaiacol agar plates (0.2 mL guaiacol was added to 500 mL melted DifcoTM standard
PDA medium. The media were sterilized for 30 min at 121 °C and poured into petri dishes).
Each strain had three replicates, and they were incubated at 25 °C. The diameters of the
mycelial zones and the oxidation zones were measured on the 5th and 10th days.

2.7. Statistical Analysis

The experimental data were analyzed using Excel for calculating mean values and
standard deviations. ANOVA analysis and Pearson correlation analysis for the mycelial
growth rate were conducted using Genstat edition 21 and SPSS (v26.0) software to assess
significance of variation and correlation between traits.
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3. Results
3.1. Genetic Diversity Analysis of S. rugosoannulata
3.1.1. Quality Statistics of Sequencing Data

The clean reads for each strain ranged from 12,269,086 to 26,885,936, with an average of
approximately 16,335,587. The Q30 values ranged from 91.81% to 95.25%, with an average
of 93.98%. The GC% content ranged from 43.77% to 47.45%, with an average of 46.34%
(Supplementary Table S1). The total data volume of the 50 strains was 122.20 gigabase pairs
(Gbp) of clean data, and the average alignment rate to the reference genome was 95.90%.
The average coverage depth was 47, and the genome coverage was 97.75% (covering at
least one base), meeting the requirements for sequence analysis.

3.1.2. Discovery and Filtering of SNPs

After sequencing, the GATK (v3.8) analysis toolkit was used to filter and identify
SNPs between the samples and the reference genome (NCBI: GCA 028532985.1). A total of
888,536 SNPs were detected for further analysis. Whole-genome SNP mutations could be
categorized into six types. There were 703,337 transition type SNPs and 185,199 transversion
type SNPs, resulting in a transition-to-transversion ratio of 3.79. Among the 50 samples,
the highest number of 338,401 SNPs was found between samples A4680 and A4896, and
the lowest number of 5393 SNPs was between samples A4486 and A4490 (Supplementary
Table S2). Further analysis of the distribution of SNPs in the genome revealed that the
variant sites were located in different regions of the genome. Using SnpEff [50], it was
determined that 21.31% were in intergenic regions, 7.01% were in introns, 27.59% were in
coding sequence (CDS) regions, 19.4% were in the upstream region (within 5K) of genes, and
18.87% were in the downstream region (within 5K) of genes. Additionally, 1.85% were in the
5" untranslated region (UTR) and 2.4% were in the 3" UTR. Moreover, 1.31% were in splice
site regions (Figure 1). SNP functional annotation within CDS regions mainly consisted of
synonymous coding mutations (41.56%) and non-synonymous coding mutations (54.41%)
(Figure 1). Among these, 1259 SNPs led to synonymous stop codon mutations, while
5628 SNPs (stop-gained) resulted in premature stop codons, and 2865 SNPs (stop-lost)
caused the loss of stop codons.

3.1.3. Population Genetic Analysis Based on SNP Markers

To validate the results of the phylogenetic analyses, all of the 888,536 high-quality
SNPs from the 50 tested strains were analyzed using EIGENSOFT (v6.0.2) software. The
PCA analyses helped to provide insight into the spatial representation of the samples in
terms of clustering and phylogenetic relationships. Two-dimensional plots of the values of
each sample on the first principal component (PC1) and the second principal component
(PC2) showed the spatial genetic relationships between the materials, with PC1 and PC2
explaining 51.27% and 8.61% of the variance, respectively. The results of PCA showed
significant genetic diversity between the cultivated strains (Cultivars) and the wild strains
(Wild strains) (Figure 2B). Genetic diversity was also observed among strains within
Cultivars and wild strains. Generally, the distributions of the two dimensions generated
by PCA analyses of all the 50 strains showed the classification of all the cultivars into two
clusters (Figure 2A).

The population structure of the studied materials was further analyzed using the
888,536 high-quality SNPs. Using admixture 1.3, the cross-validation errors were examined
under the models with K = 1—-10. Finally, the 50 tested strains and the reference strain could
be classified into two large clusters at K = 2 (Figure 2C). The first cluster (blue) contained
all the cultivars including the reference strain, and the second cluster (red) incorporated the
eight wild strains collected in Yunan. To further investigate the population structure, two
clusters were identified for the 42 cultivars at K = 3. The five strains A10, A1298, R8051,
DQ10, and XJ01 were identified in a new cluster. The analyses were in general agreement
with the above mentioned PCA results.
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START_GAINED:771(0.09%) # NON_SYNONYMOUS_START:0(0.00%) mmm STOP_LOST:2865(1.17%)

Figure 1. SNP proportions at different genomic locations: INTERGENIC represents intergenic
regions, INTRON represents intronic regions, CDS represents coding sequence regions, UP-
STREAM/DOWNSTREAM represent SNP sites located within 5 kb upstream/downstream of
genes, UTR_5_PRIME/UTR_3_PRIME represent SNP sites in the 5 UTR and 3" UTR of genes,
SPLICE_SITE_ACCEPTOR/SPLICE_SITE_DONOR represent splice site mutations (within the first
2 bp of an exon), SPLICE_SITE_REGION represents splice site region mutations (1—3 bp varia-
tion in exons or 3—8 bp variation in introns), START_GAINED represents gained start codons
(in non-coding regions). SNP mutation types within CDS regions annotation: START_LOST
represents lost start codons, SYNONYMOUS_START/NON_SYNONYMOUS_START represent
synonymous/non-synonymous start codon mutations, SYNONYMOUS_CODING represents syn-
onymous coding mutations, NON_SYNONYMOUS_CODING represents non-synonymous coding
mutations, STOP_GAINED/STOP_LOST represent gained/lost stop codons.

In this study, IQ-TREE (v2.0) software was used to construct a phylogenetic tree for
each strain based on all high-quality SNPs using the maximum likelihood method with
1000 bootstrap replicates [51]. Cluster analysis was performed, and the tested strains were
divided into three main groups (Figure 2D), and it was generally consistent with the results
of the PCA and population structure analysis, indicating the reliability of the results in
elucidating the relationship between and within clusters. Cultivars that originated from
Fujian, Shandong, and Jiangsu were clustered in Group I, indicating high genetic similarity
among them. As we know, most of the cultivars were domesticated from wild strain rather
than hybrids (personal communication). A number of cultivars and the wild germplasm
from Yunnan were apparently clustered together in Group II, which may indicate the same
geographical origin of these strains. Group III clustered the cultivated strains including the
two commonly used varieties R8049 and R8050, which were selected almost 20 years ago.
Although strains in this group did not have the same origin, they are genetically related.
Generally, lower genetic similarity was detected among strains in Group II than in Group I
and III.
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Figure 2. Population genetic analysis of 50 strains based on polymorphic SNPs. (A) Geographical
origin of S. rugosoannulata germplasm resources. (B) Principal component analysis. (C) Population
structure at different K values. (D) Phylogenetic tree. Ref stands for the reference strain.

3.1.4. Selection of Core Markers and Construction of SNP Fingerprints

Following the core SNP marker selection criteria, a total of 358 SNPs were identified as
candidate core markers. These SNPs exhibited high quality, strong representativeness, high
power of strain discrimination, even distribution across the genome, and strong specificity.
Genetic diversity analysis was conducted based on the candidate core markers [49], with
a range of Minor Allele Frequency (MAF) and Polymorphism Information Content (PIC)
values from 0.340 to 0.500 and 0.350 to 0.375, respectively. The average values were 0.435 for
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MAF and 0.370 for PIC. Notably, SNPs with PIC values ranging from 0.370 to 0.375 exhibited
strong polymorphism. The observed heterozygosity of the 358 variable SNP sites ranged
from 0 to 0.80, with an average of 0.653. The genetic diversity of the germplasm resources
was also assessed, revealing a range from as low as 0.45 to as high as 0.52, with an average of
0.494 (Figure 3A). SNP Fingerprints based on core SNP markers were generated for the 50 S.
rugosoannulata strains (Figure 3B). These were then transformed into 2D-barcodes for each
strain, encompassing both the strain’s name and base-pair genotype data (Supplementary
File S1). Accessing this information is now conveniently possible through mobile phones.
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Figure 3. (A) MAF, PIC, observed heterozygosity, and genetic diversity index of 358 SNPs. (B) SNP
Fingerprints of the 50 strains. Each row in the fingerprints corresponds to specific SNPs, while
columns represent various strains. The color scheme employed was as follows: yellow denoted the
genotype of C/C, green indicated A/A, blue represented T/T, and purple signified G/G. Missing
data were depicted in gray, whereas common heterozygous sites among strains were visualized
in white.

3.2. Agronomic Trait Evaluation
3.2.1. Mycelial Growth Rate Evaluation

The mycelial growth rates of strains on PDA plates and in substrate culture tubes
showed significant genetic variability (p < 0.01) (Supplementary Table S3). Statistical analy-
sis indicated that the differences in traits are primarily determined by different genotypes
rather than environmental conditions. On the PDA plates, there was significant variation
in myecelial growth rates among the 50 tested strains, ranging from 0.60 to 3.40 mm/d
(Supplementary Table S3; Figure 4A). Strain A4890 exhibited the fastest mycelial growth,
while strain A4898 exhibited the slowest. Strain A10 did not grow in substrate culture
tubes. The largest mycelial growth rate in substrate culture tubes was observed in strain
A4422, at 441 mm/d (Supplementary Table S3; Figure 4B). The coefficient of variation
was 7.00% for the mycelium growth rate on PDA plates and 24.32% for that in substrate
tubes. The higher coefficient of variation might indicate the higher divergence of growth
rate in substrate among strains. According to the statistical analysis, there was a significant
correlation (r = 0.56, sample size = 50, p < 0.01) between mycelial growth rates on PDA
plates and in substrate culture tubes (Figure 4D). Nevertheless, it is interesting that specific
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strains (e.g., A4890, A1298, WH) displayed robust mycelial growth rates on PDA plates,
yet they exhibited weaker growth in substrate culture tubes.

Ad4422 WQP2012 DQ10

DQI0  A4485  A4486  A4483 A4890  A4898

C | f :‘\: ¥ %

W

Figure 4. (A) Mycelium growth of representative strains on PDA plates (10 d). (B) Mycelium growth
of representative strains in substrate culture tubes (20 d). (C) Mycelium growth of representative
strains on guaiacol agar plates (10 d). (D) Correlation between agronomic traits of mycelium: a and b
indicated the mycelial growth rate on PDA plates and in the substrate culture tubes; c and d indicated
the diameters of the mycelial zones and the oxidation zones on guaiacol agar plates (5 d); e and f
indicated the diameters of the mycelial zones and the oxidation zones on guaiacol agar plates (10 d).
Asterisks denote statistically significant correlations (* indicates significance at p < 0.05; ** indicates
significance at p < 0.01).

In addition to significant differences in mycelial growth rate, the strains displayed
different colony characteristics and mycelial morphologies on both PDA plates and in
substrate culture tubes. For example, mycelium growth of 43 strains (e.g., A4422) in
substrate culture media was dense, pure white and vigorous growth, while 6 strains (e.g.,
A4890) had sparse mycelium and slow growth (Figure 4A,B).

3.2.2. Evaluation of Lignin Degradation Capability

Using guaiacol as a supplement to the PDA plates, the lignin degradation capacity
of the tested strains (except for the A10) was assessed on the plates. The results showed
that 49 strains produced oxidation zones within 24 h after inoculation. As the incubation
time increased, both the oxidation zone and mycelial zone diameters increased to varying
degrees, and the color of the oxidation zone deepened. Based on measurements taken on
the 5th and 10th days, the strains can be generally classified into three categories (Supple-
mentary Table S3; Figure 4C). The first category exhibited rapid growth within 10 days,
with mycelial and oxidation zone diameters exceeding 15 mm and 30 mm, respectively, on
the 5th day. Examples included 18 strains like A4422 and WQP2012. The second category
displayed moderate growth rates, with mycelial and oxidation zone diameters exceeding
10 mm and 30 mm, respectively, on the 5th day. This category included 21 strains like
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A4483 and A4486. The third category showed slow growth throughout the experiment,
which included nine strains like A4484 and A4890.

The correlation analysis demonstrated a significant correlation between the size of the
mycelium zones and the oxidation zones on the 5th and the 10th day. Similarly, a significant
correlation was observed between the diameters of mycelial zones on the 5th and the 10th
days (r = 0.91, sample size = 49, p < 0.01), with the same result as for the oxidation zones
(r = 0.81, sample size = 49, p < 0.01). The mycelium growth rate on the PDA plates and
the substrate culture tubes exhibited different significant levels of correlation with the size
of the mycelium zones on the guaiacol agar plates. The size of the mycelium zone on the
guaiacol agar plate showed stronger correlation with the mycelium growth rate on the
substrate than on PDA (r = 0.59 on day 5, r = 0.64 on day 10, sample size = 49, p < 0.01)
(Figure 4D). It was observed that the abovementioned A4890 had robust mycelial growth
rates on PDA results but showed weak growth rate on both substrate and guaiacol plates
(Figure 4). The size of the oxidation zones on the guaiacol plate did not show a significant
correlation with the mycelium growth rate on PDA and substrate.

By considering the size of the oxidation zones and the mycelial zones on the 5th and
10th days, it can be determined that the first category of strains exhibited excellent lignin
and cellulose degradation capabilities, which had faster mycelial growth (Supplementary
Table S3; Figure 4). Overall, the size of mycelial zones on guaiacol agar plates could serve
as a reliable indicator for predicting mycelium growth in substrate culture media.

4. Discussion
4.1. Genetic Relationships among S. rugosoannulata Varieties

The germplasm resources of S. rugosoannulata in China are complex and heteroge-
neous. Studying the genetic diversity of germplasm is crucial for identifying resources,
discovering new genes, and breeding new varieties. Cultivated strains are mostly from the
domesticated wild strains, as breeding practices are still rare for the essential mushroom
species. Isolating tissue culture and giving a different name resulted in limited genetic
differences between parent strains for breeding practices, leading to issues such as repeated
strains and ambiguous genetic relationships among different varieties. Collecting strains
of S. rugosoannulata from different regions in China and understanding their genetic rela-
tionships and population structures at the genomic level is essential. Additionally, genetic
diversity analysis among strains is necessary to facilitate future breeding and utilization
of germplasm.

SNP-based genetic diversity assessment can provide more accurate and specific expla-
nations for phenotypic differences compared to traditional molecular markers [52-54]. To
our knowledge, the use of SNPs for analyzing genetic relationships [55] and constructing
SNP fingerprints for the germplasm of S. rugosoannulata has not been reported previ-
ously [29,56,57]. The results of the genetic population analysis showed that there was
significant genetic variation among strains. The genetic differentiation of germplasm often
exhibits a notable correlation with geographic origins [58-60]. Previous studies on wheat
germplasm resources, while not differentiating local varieties based on their specific origins,
intriguingly classified local varieties from the same area into corresponding groups and
clusters, aligning closely with the outcomes of this research [61]. In our study, wild strains
collected from Yunnan consistently formed distinct clusters, indicating a clear association
with their geographical source. Surprisingly, the cultivars, in contrast, did not display a
discernible correlation between genetic groups and their presumed origins. While the exact
geographic origins of these cultivars remain unknown, the clustering patterns derived
from our analysis may offer valuable insights into unraveling their original sources. Except
for the Al strain from Shandong, our findings revealed the presence of three primary
groups among the strains. Notably, Group II exhibited larger genetic distances among its
strains compared to the other two groups. This suggests that cultivars within Group II
likely underwent domestication from wild strains, with a strong genetic and geographic
connection to the wild strains found in Yunnan. Cultivars belonging to Group III exhibited
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close genetic relationships with two frequently utilized cultivars, namely R8049 and R8050.
This observation suggests a potential genetic proximity and shared ancestry, implying that
the cultivars in Group Il may represent genetically enriched variants derived from the two
commonly used cultivars.

4.2. Constructing an S. rugosoannulata DNA Fingerprints and Identification of
Germplasm Resources

The creation of a fingerprint based on SNPs is crucial for verifying the specificity
and authenticity of strains and for understanding their genetic relationships. Tradition-
ally, new varieties were identified based on morphological characteristics, involving a
time-consuming identification process that required extensive surveys of various morpho-
logical traits [49,62,63] with disadvantages such as long identification cycles, high costs,
and the confounding effects of environmental factors. Additionally, phenotypic traits of
mushrooms often lack stability, and most strains exhibit similarities in morphology and
biological appearance. Currently, the identification of related varieties of S. rugosoannulata
is hampered by limitations such as the low number of detected markers and low levels of
polymorphism, making it difficult to effectively distinguish between different strains. In
this study, 358 core SNPs were selected to construct fingerprints for 50 strains germplasm
resources. This approach ensured that each variety had a unique fingerprint code. As breed-
ing technologies continue to develop and the number of cultivars increases, the fingerprint
identification system may need further enhancement, especially by adding SNPs closely
associated with important agronomic traits to enable more accurate and efficient detection
of variety authenticity and specificity. The results obtained from SNP-based fingerprinting
will enrich the availability of genomic information. It can be used for further research
on genetic diversity, quality control, and modern molecular breeding. These data will
provide valuable references and theoretical support for germplasm identification and SNP
fingerprint recognition methods. The SNP fingerprint revealed a visual map illustrating
polymorphism among strains. Furthermore, 2D-barcodes were generated for each strain,
providing information such as the strain’s name and the base pair genotype at the 358 sites,
accessible through mobile phone scanning. In the SNP fingerprint, only specific homozy-
gous locus genotypes can be observed in various colors, while the 2D-barcodes can display
all genotypes for each germplasm, including both homozygous and heterozygous sites,
revealing the specific base pair differences in strains at different SNPs. This method can be
used to identify existing strains, screen for duplicated germplasm, and lay the foundation
for the standardization and regulation, as well as for its future applications in molecular
genetics and breeding programs.

4.3. Evaluation of Agronomic Traits

Mycelial growth rate is not only an indicator of physiological traits but also influences
the yield of mushroom cultivation [64]. Strains with fast mycelial growth rates can colonize
the substrate more quickly, significantly reducing the incubation time and thus reducing
the cultivation cost [65]. In this study, mycelial growth of different strains was evaluated
on PDA and substrate culture media. While cultivated strains had higher genetic similarity,
they still exhibited different growth rates. This variability may be related to factors such as
the number of subcultures and the degree of degeneration. During the process of mycelial
activation and transfer, some mycelia may experience reduced vitality, resulting in slower
growth rates on PDA. This difference becomes more apparent in the wood-based culti-
vation substrate. Using guaiacol as substrate, convenient enzyme indicator assays were
conducted to analyze the diameter of characteristic colored oxidation zones and mycelial
zones produced by fungal strains, which can be used for preliminary evaluation of strains
with strong lignocellulosic degradation ability and rapid growth rate [45]. All strains tested
in this study exhibited strong lignin-degrading abilities, as evidenced by the development
of reddish-brown oxidation zones within 12 h of inoculation [44]. Different strains demon-
strated varying growth rates in the wood-based substrate, and their abilities to produce
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lignocellulosic degrading enzymes would also correspondingly change. The first category
of strains cultivated on guaiacol agar plates grew fast in the substrate culture tubes, and the
mycelia were dense and white, which indicated that they had a powerful ability to degrade
lignocellulose. In contrast, the third category of strains had significantly larger oxidation
zones compared to mycelial zones, and they had weaker capabilities of lignocellulose
degradation, which lead to poor growth in wood chip substrates. This information can
be used to select strains with desirable lignocellulose-degrading capabilities. Correlation
analysis of the sizes of mycelial zone and oxidation zone measurements obtained on the
5th and 10th days of cultivation indicated a strong correlation, demonstrating the accuracy
and repeatability of the experimental approach. In conclusion, the preliminary prediction
of mycelial growth in the substrate media was established based on the mycelial growth
observed on guaiacol agar plates. This approach can serve as a favorable index for strain
screening in the production process. While we only evaluated the agronomic traits of the
S. rugosoannulata germplasm during the mycelium stage in this study, further research is
essential to explore that during the development process of fruiting bodies.

5. Conclusions

This study lays the foundation for the identification of the germplasm of S. rugosoannu-
lata in China. A total of 888,536 high-quality SNPs were obtained via genome re-sequencing
analyses. Based on these SNPs, systematic phylogenetic analysis, principal component
analysis, and population structure analysis were performed on the 50 S. rugosoannulata
germplasms. A fingerprint was constructed according to the selected 358 core SNP markers.
The results suggested not only that the cultivars are genetically closely related, but also that
the wild strains are geographically diverse, highlighting the complex and diverse genetic
background in the country. The development of SNPs and the construction of 2D-barcodes
based on selected core markers have provided a unique fingerprint for each strain. Ad-
ditionally, mycelial growth rates and lignin-degrading capabilities were assessed for the
50 strains. By combining the mycelial zone and oxidation zone diameters on guaiacol agar
plates, lignin-degrading capabilities were compared and classified for each strain. Lignin-
degrading capabilities were found to be significantly correlated with mycelial growth rates
in substrate culture tubes, which can be the index of strain screening in the production
process. The observed differences and specificities among different strains further validate
the diversity in lignin-degrading enzyme systems among different fungal strains. This
diversity can be utilized in the breeding of high-efficiency lignin-degrading strains. Given
the promising economic and ecological benefits of S. rugosoannulata and the expanding
cultivation scale, this subject has gained increasing interest among researchers. The find-
ings of this study are pivotal in facilitating the comprehensive utilization by aiding in the
identification of valuable parental strains for future breeding projects and expediting the
selection process for superior cultivated varieties.
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