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Abstract: Cap color is one of the most crucial commercial traits for oyster mushrooms, and dark-
colored varieties are highly favored by consumers, yet they are relatively scarce on the market.
There is an urgent need for the selection and breeding of dark oyster mushrooms. Previous studies
identified PcTYR, a key gene that controls the cap color of Pleurotus cornucopiae, and four SNPs
were identified based on a genome-level sequence comparison of the black and white gene pools
for extreme traits in the segregating populations. In this study, we verified whether these SNPs
were color-specific sites via specific primer design, PCR amplification, and enzyme digestion of
the entire isolated population strains and developed CAPS/dCAPS markers for the early visual
identification of cap color to assist material screening in cap color breeding. One CAPS marker,
TYR-CAPS-3-2, was developed for identifying the cap color of oyster mushrooms. After digestion
with the restriction endonuclease Mse I, the marker generated polymorphic bands that accurately and
visually distinguished dark-colored (non-white) and white strains from the cap color-segregating
population. Consequently, the application of this marker during the early growth stage of oyster
mushrooms can facilitate molecular-marker-assisted selection, expediting the breeding process for
dark-colored varieties.

Keywords: oyster mushrooms; SNP; tyrosinase; molecular marker

1. Introduction

Pleurotus cornucopiae [1] is one of the widely cultivated oyster mushroom species in
China, known for its high nutritional and medicinal value. It is rich in biologically active
substances such as polysaccharides, terpenoids, and flavonoids and possesses various ben-
eficial effects, including antitumor, antioxidant, anti-inflammatory, antiviral, and immune-
enhancing properties [2,3]. Active macromolecules such as β-glucans, lipopolysaccharides,
and resveratrol compounds present in the mushroom can lower cholesterol, scavenge free
radicals, and exhibit antioxidant, antiatherosclerosis, antitumor, and immune-regulating
activities [4,5]. Additionally, secondary metabolites like terpenoids and steroids have
demonstrated antimicrobial, anthelmintic, anti-inflammatory, and antitumor effects [6].

Color trait is one of the primary characteristics of crops, serving as an indicator of
maturity for grains, fruits, and vegetables, and is also a significant factor influencing their
appearance quality and commercial value. The pigment content in crops can be used as
an indicator to evaluate their nutritional value. Consumers prefer to purchase brightly
colored grains, fruits, and vegetables on the market, making color trait an important focus
of breeding research. Cap color is an essential commodity character in oyster mushrooms,
and dark-colored oyster mushrooms are highly favored by consumers, though such strains
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are relatively rare on the market. In recent years, there have been certain advancements in
the molecular genetic mechanisms underlying color trait formation. The cap color of oyster
mushrooms is mainly determined by the type and content of melanin, and a higher content
of true melanin leads to a darker cap color [7]. Tyrosinase is the rate-limiting enzyme in
melanin synthesis [8], and the tyrosinase gene is a key gene that affects the cap color of
P. cornucopiae. In our previous research, through QTL fine mapping and gene functional
validation, the tyrosinase gene (PcTYR) was identified as the key gene controlling the
formation of P. cornucopiae cap color. Simultaneously, by re-sequencing a pool of extreme
phenotypes comprising some white and some black strains, four SNPs co-segregating with
the cap color trait were detected within the PcTYR gene, with three SNPs located in the
intronic region (1038 bp T>C, 1273 bp A>C, 1303bp G>C) and one SNP located in the
promoter region (−1590 bp T>C) (Figure 1) [9,10].
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Figure 1. SNP variants in the genic and 2.5 kb promoter region of PcTYR. Panel (a) represents the
one SNP at the promoter region (bp −1590, T to C), and panel (b) shows the three SNPs at an intron
region (bp 1038, T to C; bp 1293, A to C; bp 1303, G to C) [10].

Molecular-marker-assisted breeding utilizes the close linkage between molecular
markers and target genes to rapidly and accurately select desired traits, thereby improving
breeding efficiency. This method has been widely applied in crops with high heterosis
utilization levels for rapid parental and progeny selection in hybrid breeding. Single
nucleotide polymorphisms (SNPs) refer to sequence variations at the genomic level caused
by single nucleotide substitutions or insertions/deletions. SNPs are abundant, highly
polymorphic, biallelic, and can be detected using high-throughput automated methods [11].
However, SNP marker detection often requires sequencing and gene chips, making it less
practical in ordinary breeding laboratories and lacking visual clarity. Cleaved Amplified
Polymorphic Sequence (CAPS) or Polymerase Chain Reaction–Restriction Fragment Length
Polymorphism (PCR-RFLP) is a classical method used for SNP genotyping. It combines
PCR and RFLP techniques and is based on the variation in bases at restriction enzyme
recognition sites in DNA fragments [12]. This method involves the restriction enzyme
digestion of PCR products, resulting in polymorphic DNA fragments, thus converting
SNP markers into CAPS markers for detection [13]. To detect SNPs without restriction
enzyme recognition sites, derived CAPS (dCAPS) markers were developed by introducing
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mismatched bases artificially [14,15]. CAPS/dCAPS can rapidly and visually verify SNP
loci and achieve marker genotyping through PCR and enzyme digestion, avoiding the
laborious step of membrane transfer in RFLP analysis while maintaining its precision.
These markers have the advantages of co-dominance, site specificity, simplicity, rapid
detection, low cost, and independence from sophisticated instruments. As a result, they
have been widely used in plant gene typing, mapping, cloning, molecular markers, genetic
diversity analysis, variety identification in animals and microorganisms, and genetic linkage
mapping [16,17]. In plants, based on watermelon whole-genome resequencing data, SNPs
were mined and converted into CAPS markers, genetic linkage maps were constructed, and
QTL analysis was conducted on watermelon fruit- and seed-related traits [18]. Through
a comparative analysis of the ALS gene sequences of herbicide-resistant formulation and
sensitive brassica napus, it was found that there was an SNP mutation, which led to the
difference in digestion of BsrD I endonuclease in the gene sequence, and CAPS markers
were developed to detect resistance genes [19]. In edible fungi, non-synonymous SNPs
in the CAP, GLA1, and TLG1 domain of functional genes were screened out according to
the whole-genome sequencing of Lentinula edodes monokaryotic mycelium 135A and 135B,
and three pairs of SNP-CAPS molecular markers were developed, and 23 Lentinula edodes
monokaryotic strains were divided into types 135A and 135B. This provides a reference
value for further studies on the origin and location of the functional genes of mushroom
strains [20]. In the Agaricus bisporus, CAPS markers were used to analyze the genetic
diversity and population structure of the germplasm resources to support germplasm
evaluation and management [21].

In this study, four SNPs linked to color traits in PcTYR genes detected earlier were
taken as the research objects. The co-segregation of the SNPs and the trait cap color
was validated. Intuitive and operable CAPS markers were developed under laboratory
conditions to verify the specificity of the markers in the detection of cap color in the
colony of cap color separation, which was applied to the rapid screening of mushroom cap
color breeding materials to provide technical support for the molecular-marker-assisted
directional breeding of oyster mushrooms.

2. Materials and Methods
2.1. Experimental Materials

The mushroom strains used in this experiment included P. cornucopiae strains
CCMSSC00406, 406P1, CCMSSC00358, 358P1, and 358P2; the other oyster mushroom
strains CCMSSC00328, CCMSSC00329, CCMSSC00363, CCMSSC00364, CCMSSC00499,
CCMSSC00630, CCMSSC03989, CCMSSC04195, CCMSSC00387, CCMSSC00322, CCMSSC04976,
CCMSSC04977; as well as the F2 segregating population previously developed [10]. The
parental strains of the population were heterothallic strains 406 and 358, characterized by
a black color (whiteness index [WI] = 26.23) and white color (WI = 59.67), respectively.
The heterokaryotic strain HBPC067, with a black cap color (WI = 23.15), was obtained by
crossing the monokaryotic spore isolate BPC067 from strain 406 with the homokaryotic
strain 358P1 from the white parental strain 358. Through single-spore isolation, a segre-
gating population of the heterokaryotic strain HBPC067 was obtained. This segregating
population was then crossed with the homokaryotic strain (358P2) of the white strain 358 to
produce the F2 heterokaryotic population [10] (Figure 2). All strains mentioned above were
provided by the China Center for Mushroom Spawn Standards and Control (CCMSSC).

Cap color of mushrooms was measured using a Minolta Chroma Meter (CM-700d)
with the tristimulus coordinate system CIELAB scale (Commission Internationale de
l’Eclairage 1976, L*a*b color system). Cap color was quantified as the whiteness index (WI),
i.e., the value of L-3b, and the mean WI of the measurements was defined as the value for
cap color [10]. Based on the observed cap color and WI values, white strains exhibited WI
values exceeding 40, whereas non-white strains displayed values below 40.
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Figure 2. Flow diagram to illustrate the generation of the segregating population.

2.2. Experimental Methods
2.2.1. Primer Design and Synthesis

Based on the PcTYR gene mutation sites [8], CAPS/dCAPS marker primers were
designed using Primer 5 software (Table 1) and synthesized by a biological company
(Sangon Biotech, Shanghai, China).

Table 1. CAPS/dCAPS molecular markers used in this study.

Marker SNP Primer Sequence (5′-3′) Restriction
Endonuclease

TYR-CAPS-1-1 1: −1590 bp T>C F: GCCGAATAACGAACCAAAATGCGCG
R: AGCAGTCGGAGCGTTCAAGTGGTTA

Hpy188 I
(TCNGA)

TYR-CAPS-1-2 1: −1590 bp T>C F: GCCGAATAACGAACCAAAATGCGCG
R: AGCAGTCGGAGCGTTCAAGTGGTTA

Nla IV
(GGNNCC)

TYR-dCAPS-2 2: 1038 bp T>C F: TCTACATATATAAAGTTTAACTCTGACGACTGGATT
R: ACTTTGAGCCGTCTTTGCATTCCTC

Nla III
(CATG)

TYR-CAPS-3-1 3: 1273 bp A>C F: GTGCACGGATTGATACATTTGATA
R: ATATCCGCCAGTCGTATTCATAA

Nla III
(CATG)

TYR-CAPS-3-2 3: 1273 bp A>C F: GTGCACGGATTGATACATTTGATA
R: ATATCCGCCAGTCGTATTCATAA

Mse I
(TTAA)

TYR-dCAPS-4 4: 1303bp G>C F: ATCAACAACATCAACTACATATATTAATGTCGTCT
R: GGGCCTCCATTAGGGTATCGTTCAT

Hpy188 I
(TCNGA)

2.2.2. CAPS/dCAPS Marker Development and Restriction Enzyme Selection

The dCAPS Finder 2.0 software was used for the selection of CAPS/dCAPS restriction
enzymes. The main steps included: (1) selecting a 30 bp sequence on both sides of the
SNP site and (2) inputting the original and mutated sequences of the SNP site into the
dCAPS Finder 2.0 dialogue box to find restriction enzymes that could cut at the site. The
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corresponding markers were based on SNP-based CAPS/dCAPS markers [22]. Figure S1
shows four SNPs in white and non-white strains and the cleavage sites present at each SNP.

2.2.3. PCR Amplification System and Program

DNA extraction was performed using the plant genomic DNA extraction kit (TIAN-
GEN Biotech, Beijing, China) following the instructions.

The PCR reaction used a 50 µL amplification system, including 25 µL 2× Phanta
Max Master Mix (Vazyme, Nanjing, China), 2 µL forward primer (10 µmol/L), 2 µL
reverse primer (10 µmol/L), 2 µL DNA template, and 19 µL ddH2O. PCR amplification
was performed using a PCR machine (BIO-RAD, Hercules, CA, USA) with the following
program: 3 min initial denaturation at 95 ◦C, followed by 30 s denaturation at 95 ◦C, 30 s
annealing at 53 ◦C, and 20 s extension at 72 ◦C, with 34 cycles, and a final extension of
5 min at 72 ◦C.

2.2.4. Enzyme Digestion System and Electrophoresis Detection of the Digestion Products

A 50 µL enzyme digestion system was prepared, consisting of 5 µL 10× Buffer, 1 U
Mse I restriction endonuclease (New England Biolabs, Ipswich, MA, USA), 1 µg of PCR
product, and ddH2O to a total volume of 50 µL. After centrifugation and thorough mixing,
the reaction mixture was incubated in a water bath at 37 ◦C for 2 h. The digestion products
were then analyzed by electrophoresis on 1% agarose gels under 150 V and 100 mA
conditions for 35 min.

3. Results
3.1. Primer Design and PCR Validation

Primers were designed for the four SNPs (−1590 bp T>C, 1038 bp T>C, 1273 bp A>C,
and 1303 bp G>C). PCR amplification was performed using DNA from six known genotypes
of parental strains (406, 358, BPC067, 358P1, HBPC067, and 358P2). Electrophoresis analysis
showed single bands of the expected fragment sizes, and sequencing of the PCR products
confirmed their alignment with the reference sequence of PcTYR [10]. This indicated that
the primer design was reasonable and effective, enabling further experiments.

3.2. CAPS Marker Development and Screening

Six CAPS markers were designed for the four SNPs due to the diversity of restriction
enzyme recognition sites (Table 1). Among them, two markers each were designed for the
first (−1590 bp T>C) and third (1273 bp A>C) SNPs, named TYR-CAPS-1-1, TYR-CAPS-
1-2, TYR-CAPS-3-1, and TYR-CAPS-3-2, respectively. One marker each was designed
for the second (1038 bp T>C) and fourth (1303 bp G>C) SNPs, named TYR-dCAPS-2
and TYR-dCAPS-4. Initial screening with the six known genotypes of parental strains
showed that TYR-CAPS-1-1, TYR-CAPS-1-2, and TYR-CAPS-3-1 did not produce bands as
theorized, and therefore, they were discarded. TYR-dCAPS-2 and TYR-dCAPS-4 also did
not show clear band differences between black and white strains after enzyme digestion
(approximately 30 bp) and thus were discarded as well.

TYR-CAPS-3-2, on the other hand, displayed clear polymorphism between the parental
strains after enzyme digestion. This marker is based on the variation in G/C alleles at the
third SNP locus of the PcTYR gene, where strains with a G base have a black cap color, and
strains with a C base have a white cap color. After digestion with the appropriate restriction
enzyme, Mse I, TYR-CAPS-3-2 generated polymorphic bands (Figure 3). Dikaryotic black
strains of 406 showed three distinct band patterns at 500 bp, 307 bp, and 193 bp, while the
monokaryotic black strain 406-1 showed two band patterns at 307 bp and 193 bp. Both the
dikaryotic white strain 358 and monokaryotic white strain 358-1 exhibited a single band due
to the inability of the PCR product to be cleaved by the enzyme (Figure 4). TYR-CAPS-3-2
displayed good polymorphic effects after enzyme digestion and could clearly distinguish
mushroom strains with black and white cap colors. The first (−1590 bp T>C), second
(1038 bp T>C), and fourth (1303 bp G>C) SNP loci could not be successfully converted into
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stable and definitive CAPS markers capable of distinguishing dark and white strains of P.
cornucopiae due to the lack of suitable restriction enzymes.
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3.3. Validation of CAPS/dCAPS Markers Co-Segregating with Cap Color

Using the selected TYR-CAPS-3-2 marker, genomic DNA was extracted from 131 ran-
domly selected strains (87 non-white strains and 44 white strains) from the F2 population.
PCR amplification was performed, followed by Mse I enzyme digestion, and the resulting
polymorphic bands were analyzed using agarose gel electrophoresis (Figure 5). The band-
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ing patterns obtained were consistent with the cap color (Figure 6) and WI values (Figure 7)
of the strains (WI values greater than 40 indicated white strains, while values less than
40 indicated non-white strains). All non-white strains showed distinct bands at 307 bp and
193 bp after digestion, while white strains displayed only a single band at 500 bp. This
confirmed the stable presence of the SNP (1303 bp G>C) between non-white and white
strains and demonstrated that the TYR-CAPS-3-2 marker is stable with good reproducibility,
making it capable of accurately detecting and distinguishing between non-white and white
strains.
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Figure 7. WI values of the caps for both non-white and white strains in the segregating population.
The bar chart (a) represents the WI values of the non-white, while that of (b) depicts the WI values
of the white strains. WI values greater than 40 indicated white strains, while values less than 40
indicated non-white strains.

3.4. Validation of CAPS/dCAPS Markers in Other Dark-Colored Oyster mushrooms Varieties

Using the newly developed TYR-CAPS-3-2 marker, PCR amplification was performed on
genomic DNA from dark-colored cap strains of oyster mushrooms, including CCMSSC00328,
CCMSSC00329, CCMSSC00363, CCMSSC00364, CCMSSC00499, CCMSSC00630,
CCMSSC03989, CCMSSC04195, CCMSSC00387, CCMSSC00322, CCMSSC04976,
and CCMSSC04977 (Table 2). These strains are all oyster mushrooms, but some of them
have not yet been defined in detail in terms of taxonomic status. After Mse I enzyme di-
gestion, the resulting polymorphic bands were analyzed using agarose gel electrophoresis,
and distinct bands at 307 bp and 193 bp were observed for all tested strains (Figure 8). It
was verified that the marker was also applicable to other oyster mushrooms strains and
was used for the rapid identification of non-white strains.

Table 2. Dark-colored oyster mushrooms for experiments.

Strain Number Species

CCMSSC00328 Pleurotus ostreatus
CCMSSC00329 Pleurotus ostreatus
CCMSSC00363 Pleurotus sp.
CCMSSC00364 Pleurotus sp.
CCMSSC00499 Pleurotus pulmonarius
CCMSSC00630 Pleurotus sp.
CCMSSC03989 Pleurotus sp.
CCMSSC04195 Pleurotus ostreatus
CCMSSC00387 Pleurotus sp.
CCMSSC00322 Pleurotus ostreatus
CCMSSC04976 Pleurotus sp.
CCMSSC04977 Pleurotus sp.
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Figure 8. Polymorphic bands of restriction endonuclease Mse I of oyster mushrooms. M: 2000 bp
DNA Marker. 1–12 represents CCMSSC00328, CCMSSC00329, CCMSSC00363, CCMSSC00364,
CCMSSC00499, CCMSSC00630, CCMSSC03989, CCMSSC04195, CCMSSC00387, CCMSSC00322,
CCMSSC04976, CCMSSC04977.

4. Discussion

In this study, we validated the co-segregation of the aforementioned SNPs with the
cap color traits and developed molecular markers to facilitate effective screening for the
future targeted breeding of cap color traits.

Studies have shown that SNPs can be closely linked to individual traits, and SNPs
at different positions may affect gene expression and phenotype, but through different
pathways [23]. The four SNPs present between the PcTYR of white and non-white strains
may affect gene expression through different pathways. Non-synonymous coding SNPs
directly change the amino acid composition of the encoded protein (gene changes leading
to changes at the protein level), and their function depends on whether the variant amino
acid site is critical for the protein structure or function [24]. But none of the four SNPs
had this type. Of the four SNPs, three are in the intron region and one is in the promoter
region. Although promoter and intron regions do not directly make up the structure of
proteins, they can influence gene expression. Synonymous coding SNPs themselves do
not change the protein sequence but may affect promoter activity, mRNA conformation
and stability [25], or change the protein folding rate [26], thereby causing changes in
protein structure, function, and expression levels [27]. SNPs located in introns mainly rely
on affecting splice site activity to influence gene function [28]. During the transcription
process, introns are excised, but excised introns still affect initial transcription, translation
efficiency, etc. Intronic sequences that are cut are mostly degraded, but some introns that
are not degraded produce functional non-coding RNA. Intron is the location of selective
splicing during transcription, and its presence ensures the diversity of gene transcription
splicing [29]. As the key rate-limiting enzyme in the melanin synthesis pathway, the
expression activity of tyrosinase directly affects the amount of melanin produced. The
CAPS marker developed in this study is located in an intron and may cause changes in or
the inactivation of splice sites, leading to changes in its expression at the translation level,
resulting in changes in the protein sequence and thus changing the tyrosinase enzyme
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activity, affecting the amount of melanin produced, and ultimately regulating the change
in cap color [30].

Traditional breeding methods for oyster mushrooms mainly include selection breed-
ing, hybrid breeding, mutation breeding, protoplast fusion breeding, etc., which have
played an important role in the breeding process of oyster mushroom and have cultivated
many excellent strains that are widely used in production. An indispensable process in
breeding work is the targeted screening of breeding materials. Traditional breeding meth-
ods mainly rely on large-scale screening based on phenotypes, which are often influenced
by environmental conditions, gene interactions, and other factors, leading to long screen-
ing cycles and cumbersome breeding work [31]. Molecular breeding integrates modern
molecular biology techniques into traditional breeding methods, with stronger targeting
and higher efficiency, greatly accelerating the breeding process. The molecular breeding
of oyster mushroom started relatively late, but in recent years, with the rapid develop-
ment of genomics, molecular biology, and other disciplines, molecular breeding practices
of oyster mushroom have been carried out successively, mainly for molecular-marker-
assisted breeding [32]. Molecular-marker-assisted breeding technology can improve the
accuracy and efficiency of breeding and plays an important role in agricultural breeding.
An ideal molecular marker can effectively track the target gene in a wide range of genetic
backgrounds with high repeatability [33]. The CAPS marker technology combines PCR
amplification and enzyme digestion, with advantages such as simple operation and reliable
results, and has been widely used. In practical production, in addition to determining the
cap color of strains through mushroom cultivation tests, the SNPs of the PcTYR gene can
be used for the assisted selection of dark cap strains. However, SNP markers require DNA
extraction and high-throughput sequencing or gene chips to obtain genotypes, and then to
distinguish between dark and white cap strains, which requires a long process and higher
cost. In this study, a functional CAPS marker based on the SNP mutation site of the PcTYR
gene in P. cornucopiae was developed, which can be visualized through PCR amplification,
enzyme digestion, and electrophoresis under laboratory conditions, achieving the rapid
identification of cap color-segregating populations and assisting in the genotype screening
of dark cap strains. Since dark cap is dominant to the cap, it is difficult to determine
whether the dark strain is a homozygote or heterozygote for the dark allele. The CAPS
marker we developed could identify whether the strain is heterozygous or homozygous for
the dark alleles. The bands of 307 bp and 193 bp are the characteristic for the homozygous
of the dark allele, and that of 500 bp is the feature band of homozygous the white allele.
According to the results, almost all the oyster mushroom strains tested are heterozygous
for dark and white alleles fruiting non-white caps.

However, CAPS markers rely on a large number of restriction endonucleases, and in
practical application, the high cost of restriction endonucleases may be a problem, especially
in the selection process of a large number of breeding populations [34]. Therefore, SNAP
molecular markers, a type of allele-specific primer, may be another effective solution [35].
The marker is also based on the design of specific primers for amplification, and then the
products are separated by electrophoresis to determine different genotypes [36]. SNP-based
SNAP markers are simple, efficient, easy to read, low-cost, and can greatly improve the
application of molecular-marker-assisted selection in mushroom breeding [37].

In this study, one specific CAPS marker, TYR-CAPS-3-2, was successfully developed
based on the SNP locus in the PcTYR gene of P. cornucopiae. It can accurately identify and
distinguish dark and white oyster mushroom strains and has good repeatability. There are
multiple criteria for selecting good-quality oyster mushrooms, and we can establish more
CAPS markers for the rapid detection of traits. By combining these functional markers as
marker sets instead of individual marker detection, the marker sets simplify the selection
of large-scale oyster mushrooms breeding, which helps to promote the application of
molecular-marker-assisted breeding in oyster mushrooms.
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5. Conclusions

In this study, based on the single base mutation site in the PcTYR gene of P. cornucopiae,
we successfully developed one specific CAPS marker, TYR-CAPS-3-2. It was verified and
found to have good repeatability and stability, confirming that the marker can identify
and distinguish dark and white oyster mushroom strains. This marker provides a rapid
and effective technical means for future molecular-marker-assisted breeding using the
PcTYR gene.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/horticulturae9111238/s1, Figure S1: Four SNPs in white and
non-white strains and the cleavage sites present at each SNP.
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