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A B S T R A C T

Pleurotus genus (Jacq.) P. Kumm comprises widely known edible mushrooms whose commercial and biotech
nological exploitation has been steadily increasing worldwide. With the advent of modern DNA-based approach, 
the taxonomic definition of species within Pleurotus genus has undergone major changes but remains unclear. 
Furthermore, knowledge regarding the photobiology of Pleurotus and the role of light in regulating its primary 
and secondary metabolism, along with key commercial and biotechnological aspects, remains limited. This re
view aims to depict a comprehensive overview on Pleurotus genus, with a particular focus on its controversial 
taxonomy, biotechnological potential and photobiology and to provide significant insights to address future 
research on this topic and exploit light technology to maximize Pleurotus potential.

1. Introduction

Edible mushrooms are regarded as nutritious and healthy foods, 
whose demand has been steadily increasing in the last years. Pleurotus 
species are among the most important commercially cultivated mush
rooms worldwide, also known for their enormous biotechnological po
tential (Corrêa et al., 2016). The genus Pleurotus belongs to the 
Basidiomycota phylum and includes macrofungi characterized by a 
club-shaped structure, the fruiting body (carpophore), on which meio
spores (basidiospores) are produced. Pleurotus is considered a good 
source of proteins (up to 40 % of the dry weight) with high biological 
value, being rich in essential amino acids, such as arginine, glutamine, 
and glutamic acid. On the contrary, its fat content is very low and mainly 
due to unsaturated fatty acids (Table 1).

In addition, Pleurotus contains vitamins (thiamine, riboflavin, pyri
doxine, pantothenic acid, nicotinic acid, nicotinamide, folic acid, 
cobalamin, vitamin D, C and E), minerals (potassium, iron, copper, zinc, 
and manganese), phenolic acids, and dietary fibers (Raman et al., 2020; 
Lesa et al., 2022). The fiber and β-glucans content are responsible for the 
hepatoprotective, anticholesterolemic, antidiabetic, antioxidant, anti
microbial, and immunomodulatory properties, as highlighted in recent 
reviews (Juárez-Hernández et al., 2023; Raman et al., 2020; Carra
sco-González et al., 2017).

From a commercial point of view, Pleurotus represents the second 
most cultivated genus after Agaricus (Li and Xu, 2022; Royse et al., 

2017), and it is mainly produced and consumed in the Asia-Pacific re
gion (China, Japan, Malaysia, India, and Australia) (Research and 
Markets, 2024). In rural areas and low-income countries mushroom 
farms contribute to food and nutritional security (Adedokun et al., 2022; 
Thakur et al., 2020; Zhang et al., 2014).

Despite its high nutritional and commercial value, species identifi
cation, taxonomic classification, and metabolic profiling are still far 
from being defined and standardized. Traditionally, edible mushrooms 
have been classified according to the morphology of the basidiocarp or 
by means of evidence-based classification systems (sexual and vegeta
tive compatibility studies, mating types) based on unverified, biased, or 
ambiguous data (Cao et al., 2021; Li et al., 2021). However, these 
traditional methods sometimes failed due to the similarity of morpho
logical traits, and the extreme phenotypic plasticity that these mush
rooms show on different cultivation substrates and environmental 
conditions. Therefore, in the last decade, molecular methods, such as 
DNA barcoding or molecular fingerprinting, have become fundamental 
to accomplish such an important task (Zhao et al., 2021). In addition, a 
correct taxonomic placement and an improved genomic characteriza
tion are mandatory requirements for both classic and innovative mo
lecular breeding approaches, such as those based on CRISPR/Cas9 
genome-editing technology, and genetic improvement (Zhang et al., 
2023; Boontawon et al., 2021), aimed at understanding the mechanisms 
underlying sexual development, developing fungal strains with 
improved nutritional and biotechnological features, and higher 
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commercial value.
One of the environmental factors which has been demonstrated to 

trigger changes in fungal gene expression is light (Corrochano, 2019). 
Indeed, key physiological mechanisms related to fungal growth, differ
entiation, and secondary metabolites production are regulated at genetic 
level by light-responsive genes (Kojima et al., 2015; Corrochano, 2019). 
So far, light-related research has been primarily focused on model fungal 
species, such as Neurospora crassa, Aspergillus nidulans (Corrochano, 
2019), and Metarhizium robertsii (Dias et al., 2020; Dias et al., 2021; Dias 
et al., 2022; Rangel, 2024), while very few studies investigated light 
response and gene regulation in Pleurotus spp. Given the economic 
relevance of Pleurotus genus and the increasing demand of its con
sumption and biotechnological exploitation, the development of 
improved and sustainable production techniques, breeding for 
heat-tolerance, sporulation deficiency and improved basidiocarp quality 

and shelf life also by means of light stimuli, represent a breakthrough for 
mushroom industry.

This review aims to provide an overview on Pleurotus genus, high
lighting the potential breakthrough for its sustainable and improved 
production and exploitation. In addition, we will shed light on its 
controversial taxonomy and summarize the most recent findings related 
to Pleurotus photobiology, highlighting the opportunities that light offers 
for the full exploitation of this fungus.

2. The controversial taxonomy of the genus Pleurotus

Naming and describing species are the key to expand our knowledge 
of fungi, understand their function and relationships and explore their 
potential to benefit or threat people and environment. Since 2020, over 
10,200 fungal species have been identified as newly discovered by the 
scientific community, and the most recent estimate suggested that fungi 
comprise around 2.5 million species, ranking second among the 
kingdom of eukaryotes, after animals (Niskanen et al., 2023).

Unlike plants and animals, accurate identification of fungi is chal
lenging, due to their morphologically cryptic structures, generally 
limited to sexual and asexual spore-producing bodies and/or vegetative 
structures (Lücking et al., 2020). As a result of these challenges, many 
fungal genera have a tangled taxonomic history, better clarified over the 
past 30 years with the advent of DNA technologies. The taxonomy of the 
genus Pleurotus has undergone drastic changes over the last decades.

Table 1 
Proximate composition of Pleurotus spp.

Proximate composition g/100 g dry weight

Carbohydrate 34–63
Lipid 1.1–3.1
Protein 12.0–40.0
Crude fiber 6.2–28.3
Ash 3.0–10.7

Adapted from Raman et al., (2020).

Fig. 1. Number of Pleurotus species recorded in Index Fungorum according to the year of publication since 1881 by decade.
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The genus was firstly described by Paul Kummer in 1871, with 
Pleurotus ostreatus and P. dryinus being the first species. Most of the taxa 
(431) have been described between 1871 and 1930, while since 1940, 
132 species have been identified, peaking in 1980 with 38 taxa (Fig. 1). 
Pleurotus genus was included in the family Pleurotaceae, which in 2008 
comprised 6 genera and 94 species (Kirk et al., 2008), although previous 
studies listed a different number of species, varying from 30 to 40 
(Hilber, 1982; Singer, 1986). In 2024 Vizzini et al. (2024) published a 
systematic reorganization and classification of the order Agaricales, in 
which the family Pleurotaceae was included in the suborder Pleurotineae 
Hilber (1982) proposed dividing Pleurotus into three subgenera: Pleu
rotus, Coremiopleurotus, and Lentodiopsis, later expanded to include 
Tuberregium (Lechner et al., 2004). Each subgenus is characterized by 
distinct morphological and ecological traits, supported by molecular 
analyses (Zervakis et al., 2014, 2019). The subgenus Pleurotus includes 
species such as P. eryngii, P. ostreatus, and P. pulmonarius, characterized 
by a monomitic or dimitic hyphal system and the absence of coremia or 
veils. Unlike Pleurotus, the subgenus Coremiopleurotus was distinguished 
by the presence of coremia on lamellae, as seen in species like 
P. cystidiosus. The subgenus Lentodiopsis includes species with dimitic 
hyphal systems and conspicuous veils, such as P. rickii and P. dryinus 
(Zervakis et al., 2019). Moreover, this subgenus was divided into two 
sections: Lepiotarii including species such as P. dryinus, and P. rickii, 
characterized by the presence of an anamorphic stage, a dimitic hyphal 
structure, and a ring on the stipe and Calyptrati, including only 
P. calyptratus and defined by sessile basidiomes, the absence of an ana
morph, and the presence of arboriform skeletal hyphae (Segedin et al., 
1995).

Finally, the subgenus Tuberregium includes species like 
P. tuberregium, characterized by dimitic hyphal systems and the pro
duction of conspicuous sclerotia, adaptations likely linked to specific 
ecological niches (Lechner et al., 2004).

Mycologists have described multiple taxa within the genus using the 
Morphological Species Concept (MSC) based on morphological traits 
such as spore color, cystidia features, and basidiocarp structure. 
Although MSC and the Biological Species Concept have provided valu
able insights, the Phylogenetic Species Concept has been particularly 
effective in resolving paraphyletic relationships among intercompatible 
populations. ITS and rDNA sequencing revealed five major clades within 
Coremiopleurotus, which align with distinct biogeographical and evolu
tionary units (Zervakis et al., 2014). These include P. australis found in 
New Zealand and Australia, P. abalonus distributed across Asia-Pacific 
regions, P. fuscosquamulosus located in Africa and Europe, P. smithii 
restricted to Mexico, and P. cystidiosus sensu stricto native to North 
America. Despite these patterns, the geographical separation of these 
species is not absolute, as occasional instances of long-distance dispersal 
have been documented.

Although several species are still referred to as valid in Index Fun
gorum (2024), Mycobank, and in numerous publications, significant 
discrepancies are still reported between the scientific names and the 
respective biological entities. A study conducted in Brazil confirmed the 
presence of five Pleurotus species known to occur in the country 
(P. albidus, P. djamor, P. fuscosquamulosus, P. pulmonarius, and P. rickii). 
However, 62 other names of Pleurotus described in Brazil were found to 
be synonyms of other species, reclassified into different genera, or 
lacking preserved material (Menolli et al., 2014). Another recent study 
aimed at elucidating the taxonomic status of P. opuntiae and defining its 
phylogenetic relationships with closely related species, highlighted the 
existing confusion and ambiguity among compared taxa (Zervakis et al., 
2019). The phylogenetic analyses confirmed that only specimens origi
nating from the Mediterranean area can be defined as P. opuntiae, while 
specimens with this epithet deriving from other regions (i.e. Mexico, 
Asia, New Zealand) belong to P. djamor.

The problematic delimitation of species within the genus is mainly 
attributed to the fragmentary and not robust data available in literature, 
the limited sampling worldwide, and the limited diversity in molecular 

markers used in phylogenetic analyses. In the past, morphological and/ 
or mating studies were mainly used as criteria for taxonomic studies for 
members of the genus. Moreover, several studies demonstrated that 
certain species can be distinguished based on geographic origin and 
host/substrate specificity (Vilgalys and Sun, 1994; Stajic et al., 2005; 
Zervakis et al., 2014). As examples, members of the P. eryngii species 
complex are the only specimens within the genus associated with plants 
of the family Apiaceae, growing on plant roots or lower parts of stems 
(Zervakis et al., 2014, Villani et al., 2015). Among them, P. eryngii var. 
eryngii typically grows on the roots of Eryngium spp., Peucedanum spp., 
and Opopanax chironium; P. eryngii var. ferulae grows mostly on the roots 
of Ferula communis; P. eryngii var. elaeoselini is generally isolated from 
Laserpitium plants, P. eryngii var. thapsiae grows associated with Thapsia 
garganica, and var. tingitanus is commonly associated with Ferula tingi
tana. The work by Zervakis et al. (2014) performed by mating compat
ibility, morphological and ecological criteria, and the analysis of 
ITS1–5.8S-ITS2 and IGS1 rRNA sequences also revealed that P. eryngii 
sensu stricto forms a diverse and widely distributed aggregate, 
composed of varieties elaeoselini, eryngii, ferulae, thapsiae, and tingitanus, 
while Pleurotus eryngii subsp. tuoliensis comb. nov. was described as a 
phylogenetically sister group to the former growing only on various 
Ferula species in Asia.

Although the morphological, biological, and ecological traits are 
fundamental in defining members within the Pleurotus genus, these 
characteristics are sometimes insufficient and can be influenced by 
environmental conditions. Recent studies have also revealed that such 
features, including basidium formation and habit, hymenophore type, 
colour of spore-print, as well as methodical approach based on inter
sterility tests, could be incongruent with DNA sequence data (Depotter 
et al., 2016; Pánek et al., 2019). Phylogenetic analyses based on mo
lecular data have revealed complexities in species delimitation that are 
not always evident through conventional methods. This underscored the 
necessity of integrating molecular approaches for more accurate species 
identification and classification within the Pleurotus genus. Molecular 
markers, including ITS, IGS, LSU, RPB1, RPB2, and EF1α sequences, 
have been widely used to study the phylogenetics, taxonomy, and 
population genetics of this group. However, challenges such as ambig
uous sequences and multiple peaks in chromatograms have been 
encountered, particularly with EF1α sequences, suggesting the presence 
of intra-isolate sequence heterogeneity (He et al., 2017). This hetero
geneity raises questions about the reliability of ITS, RPB2, and EF1α for 
barcoding in Pleurotus and other fungal groups, as it may lead to un
derestimation of specific divergence and overestimation of species di
versity, although EF-1α was proposed by Zhao et al. (2021) as a possible 
DNA barcode marker for Pleurotus spp., being able to discriminate 
84.6 % of the tested species. A recent work by Lin et al. (2022) suggested 
that a combination of phylogenetic analysis, the use of intersimple 
sequence repeat (ISSR) marker, GC content and chemical analysis could 
be employed as a solid and reliable tool for Pleurotus classification and 
taxa delimitation.

The introduction of Next-Generation Sequencing (NGS) has revolu
tionized studies of historical diversification and molecular phyloge
netics. Moreover, nuclear single-copy orthologous genes have been 
proven to be promising molecular markers for phylogenetic and evolu
tionary studies. Recently, historical controversies regarding the phylo
genetic relationships of the P. ostreatus species complex, based on 
morphological characteristics and limited gene loci, have been 
addressed through whole-genome single-copy orthologous gene 
sequencing (Li et al., 2020). By examining samples from the P. ostreatus 
species complex across East Asia, Europe, North and South America, and 
Africa, Li and colleagues (2020) constructed a detailed phylogeny using 
1759 newly generated sequences from 40 nuclear single-copy ortholo
gous genes. This analysis provided a comprehensive resolution of the 
relationships among major clades and species within the complex. The 
study confirmed that the P. ostreatus species complex is monophyletic, 
consisting of three primary clades and seven subclades and identified 
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twenty phylogenetic species, including seven that are potentially novel 
species. Moreover, biogeographic analyses using molecular clock esti
mation and ancestral area reconstruction suggested that the most recent 
common ancestor of the P. ostreatus species complex emerged in East 
Asia during the late Eocene (approximately 39 million years ago). 
Comparative genomic analysis also allowed to solve the exact phylo
genetic relationship between Pleurotus tuoliensis and P. eryngii var. eryngii 
(Zhang et al., 2018). High-quality draft genome assemblies were 
generated for both species, and comparative genomic revealed sub
stantial genomic divergence between the two species, primarily driven 
by rapid acquisition of taxon-specific genes and disruption of synteny. 
This genomic variation and phylogenetic analysis using whole-genome 
single-copy gene orthologs confirmed the need to reclassify 
P. tuoliensis as an independent species (Zhang et al., 2018). Sequencing 
by using the PacBio RS II platform allowed to investigate the significant 
variation in transposable elements (TEs), showing that both species have 
higher TE content compared to P. ostreatus, potentially due to environ
mental adaptations to cold habitats at high altitudes and latitudes.

Despite NGS revolution on systematics of the genus Pleurotus and on 
promoting the phylogenomic era based on core single-copy genes, there 
are still several important challenges that need to be overcome. Of the 
49 Pleurotus species and 11 varieties related sequences present in Gen
Bank, the most represented in terms of deposited sequences are those 
associated with P. ostreatus, P. salmoneostramineus, P. djamor, P. eryngii, 
and P. pulmonarius (Table 2), while some species are represented by 
fewer than 10 sequences, mostly related to ITS.

The sequenced genomes within the genus are also very limited. To 
date (https://www.ncbi.nlm.nih.gov/datasets/genome/?taxon=5320; 
accessed on 13 Dec, 2024) only 40 genomic sequences of Pleurotus have 
been deposited, belonging to 14 species and 3 varieties (P. eryngii var. 
elaeoselini, P. eryngii var. eryngii, and P. eryngii var. ferulae, and most of 
them are represented by a single genome, which may not be represen
tative of the variability present within each individual species. This 
evidence highlights that there is still an inadequate understanding of 
fungal diversity within this genus and the need to undertake a system
atic exploration of various methods and data, including sequencing 
strategy design, identification of orthologous loci, model selection, and 
phylogeny estimation, for correctly addressing the specific question at 
hand.

3. Pleurotus commercial production: innovation and constraints

Oyster mushrooms are white-rot, basidiomycetes fungi (WRF), i.e. 
heterotrophic organisms, able to grow on plant residues, dead and 
decaying wood, from which they obtain the nutrients needed for their 
growth. Therefore, they can be cultivated on materials deriving from 
agriculture, woodland, animal husbandry, and manufacturing in
dustries, such as sawdust, sugarcane bagasse, cottonseed hulls, chopped 
rice straw, or rice husks (Ritota and Manzi, 2019).

Fruiting body development has been extensively studied from both 
morphological and genetic perspectives in model species such as 
Coprinopsis cinerea and Schizophyllum commune (Virágh et al., 2022). 
Although gene orthologs involved in these processes have been identi
fied in P. ostreatus (Nagy et al., 2023), the molecular mechanisms un
derlying fruiting body morphogenesis remain only partially understood, 
highlighting the need for further research to bridge the knowledge gap 
and translate these findings into innovations that enhance mushroom 
cultivation efficiency and sustainability.

From a commercial point of view, fruiting body production consists 
of three different phases: i) production of the spawn, ii) spawning of the 
substrate, and iii) production of the fruiting bodies (Raman et al., 2020). 
The spawn is composed of seed grains alone or mixed with sawdust, 
bran, or wood chips, which are soaked, sterilized, and then inoculated 
with fungal mycelia. The spawn constitutes the vegetative mycelia, and 
it is used to inoculate the substrate, which can be either placed in 
perforated polythene bags, polypropylene bottles, or trays. The spawned 

Table 2 
List of Pleurotus species and relative number of genomes and nucleotide se
quences deposited in GenBank (accessed in June 2024).

Species Authorsa Genomes Sequences

Pleurotus abalonus Han, Chen Cheng, 1977 0 79
Pleurotus abieticola Petersen Hughes, 1997 0 125
Pleurotus agaves Dennis, 1970 0 3
Pleurotus albidus (Berk.) Pegler, 1983 0 58
Pleurotus australis Sacc, 1891 0 26
Pleurotus bursiformis (Berk.) Sacc., 1887 0 9
Pleurotus calyptratus n.a. 0 24
Pleurotus citrinopileatus Singer, 1943 2 216
Pleurotus cornucopiae (Paulet) Quél., 1885 1 178
Pleurotus columbinus Quél., 1881 0 38
Pleurotus cystidiosus Mill., 1969 0 262
Pleurotus cystidiosus subsp. 

cystidiosus
n.a. 0 10

Pleurotus djamor (Rumph. ex Fr.) Boedijn, 
1959

1 2742

Pleurotus djamor var. 
djamor

n.a. 0 4

Pleurotus djamor var. 
fuscopruinosus

Corner, 1981 0 4

Pleurotus djamor var. roseus Corner, 1981 0 5
Pleurotus dryinus (Pers.) Kumm., 1871 0 112
Pleurotus dryinus var. pometi (Fr.) Reijnders, 1973 0 1
Pleurotus elongatipes Peck, 1908 0 2
Pleurotus eous (Berk.) Sacc., 1887 0 11
Pleurotus eryngii (DC.) Quél., 1872 4 2173
Pleurotus eryngii var. 

elaeoselini
Venturella, Zervakis La 
Rocca, 2000

1 59

Pleurotus eryngii var. eryngii n.a. 1 142
Pleurotus eryngii var. ferulae (Lanzi) Sacc., 1887 1 578
Pleurotus eryngii var. 

thapsiae
Venturella, Zervakis 
Saitta, 2002

0 1

Pleurotus eugrammus (Mont.) Dennis, 1953 0 2
Pleurotus euosmus (Berk.) Sacc., 1887 0 12
Pleurotus ferulaginis Zervakis, Venturella 

Cattarossi, 2014
0 56

Pleurotus flabellatus Sacc., 1887 0 22
Pleurotus floridanus Peck, 1908 1 353
Pleurotus fossulatus (Berk.) Sacc., 1887 0 72
Pleurotus fuscosquamulosus Reid Eicker, 1998 0 9
Pleurotus fuscus Battarra ex Bres. 1928 0 8
Pleurotus geesterani Singer, 1962 0 2
Pleurotus giganteus (Berk.) Karunarathna 

Hyde, 2011
2 101

Pleurotus incarnatus Hongo, 1973 0 11
Pleurotus javanicus (Lév.) Singer, 1962 0 3
Pleurotus komarnitzkyi Vassilkov, 1961 0 8
Pleurotus levis (Berk. Curtis) Singer, 

1951
0 22

Pleurotus nebrodensis (Inzenga) Quél., 1886 0 260
Pleurotus opuntiae (Durieu Lév.) Sacc., 1887 0 58
Pleurotus ostreatoroseus Singer, 1961 1 491
Pleurotus ostreatus (Jacq.) Kumm., 1871 8 43,238
Pleurotus ostreatus var. 

ostreatus
n.a. 0 14

Pleurotus parsonsiae Stev., 1964 0 20
Pleurotus placentodes (Berk.) Sacc., 1887 0 99
Pleurotus platypus Sacc., 1891 1 4
Pleurotus populinus Hilber Mill., 1993 0 108
Pleurotus pulmonarius (Fr.) Quel., 1872 4 1222
Pleurotus pulmonarius var. 

pulmonarius
n.a. 0 9

Pleurotus purpureo-olivaceus (Stev.) Segedin, Buchanan 
Wilkie, (1995)

0 31

Pleurotus rattenburyi Segedin, 1984 0 12
Pleurotus rickii Bres., 1920 0 2
Pleurotus 

salmoneostramineus
Lj.N. Vassiljeva, 1973 3 10,073

Pleurotus sapidus Quél., 1883 1 101
Pleurotus smithii Guzmán, 1975 0 26
Pleurotus spodoleucus (Fr.) Quél. 1872 0 5
Pleurotus subareolatus Peck, 1886 0 7
Pleurotus tuber-regium (Fr.) Singer, 1951 3 165
Pleurotus tuoliensis (Mou) Zhao Zhang, 2016 5 180

a = data were retrieved by MycoBank (accessed in May 2024)
n.a. = not available
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material is placed in a dark cropping room on raised platforms or shelves 
for mycelium colonization of the substrate at 25–28 ◦C, 80–90 % of 
relative humidity and soft ventilation (300/400 m3 of air per ton of 
substrate) (Borah et al., 2019). After full colonization of the substrate 
(15–20 days), fungal primordia start to appear, and fruiting can be 
induced by lowering the temperature to 14–18 ◦C (Shen et al., 2014).

Substantial differences in terms of possibility of automation, climate 
control, technology for spawn and substrate preparation, post-harvest 
transportation and storage facilities, thus applicable strategies for sus
tainable growth of mushroom farming, exist between high- and low- 
income countries (Dey et al., 2024; Higgins et al., 2017). Nonetheless, 
common areas of potential innovation will be briefly discussed below 
and include the economic and environmental sustainability in cultiva
tion practices, which can be achieved by improved utilization of 
agri-food waste for substrate preparation, the development of 
heat-tolerant and sporeless mushroom strains, production scalability 
(also using liquid spawn), reuse of spent mushroom substrate (SMS), and 
by improving the quality and shelf life of the fruiting bodies (Fig. 2) 
(Jayaraman et al., 2024).

3.1. Utilization of agri-food waste for substrate preparation

Given its superb degrading capabilities, Pleurotus spp. holds great 
potential to upcycle agri-food waste and contribute to the reduction of 
environmental pollution, transforming waste into valuable products 
(Doroški et al., 2022). Agronomic wastes like cereal residues are rich in 
lignocellulosic material and possess a high carbon-to-nitrogen ratio 
(20–80/1), making them ideal components for mushroom substrate 
(Kumla et al., 2020). However, not all wastes can be used in large pro
portions, either because of imbalanced nutrient composition or because 
of the presence of compounds detrimental to fungal growth, such as high 
phenolic acid or caffeine concentration (Carrasco-Cabrera et al., 2019; 
Cueva et al., 2017).

3.2. Improvement of cultivation with heat-tolerant strains

Fruiting bodies are the most complex structures found in the fungal 
kingdom and their formation is a complex process, driven by a drastic 
change in environmental and physiological conditions (i.e. nutrient 
depletion, light, temperature, CO2, humidity) and consequent differen
tial gene expression in the aerial hyphae (Sakamoto, 2018; Berger et al., 
2022; Barh et al., 2019). Temperature downshift of 5–10 ◦C from the 
optimum for the vegetative growth has been described as one of the 
most important factors driving primordia differentiation in the most 
economically relevant Pleurotus species, like P. ostreatus (Boddy et al., 
2014), P. pulmonarius (Shen et al., 2014), P. eryngii (Fu et al., 2016), and 
P. tuolensis (Hua et al., 2018; He et al., 2024); other species, such as 
P. giganteus, described as a heat-tolerant mushroom, do not need a 
temperature downshift to produce the fruiting body (Yu et al., 2023). 

While these temperature dependencies may result from a long-term 
adaptation to the onset of favorable environmental conditions (e.g., 
autumn) (Virágh et al., 2022), they represent the highest environmental 
impact in modern mushroom production farms; here the production is 
no longer seasonal, and leads to the need for indoor spaces, energy 
consumption, and a dedicated workforce to effectively manage the 
temperature transitions (Dorr et al., 2021).

Therefore, one key area for innovation is the use or breeding of heat- 
tolerant mushroom strains, which thrive in warmer temperatures, as it 
would lower energy requirements for extensive cooling systems in 
cultivation rooms. Besides, this would also make mushroom farming less 
dependent on seasonal variations and more sustainable, especially in 
regions with warmer climates.

3.3. Sporeless strains

Spore dispersal within cultivation facilities can pose health risks to 
workers and disrupt ventilation systems in cropping rooms. In addition, 
sporeless strains enable to maintain the genetic stability facilitating its 
monitoring over time (Kobukata et al., 2024).

Both naturally occurring and selectively bred P. ostreatus (Lavrijssen 
et al., 2020), P. pulmonarius (Ohira et al., 1979), P. eryingii (Obatake 
et al., 2003), and P. florida (Chang et al., 1985) sporeless strains have 
been developed, with specific meiosis-related genes responsible for 
basidiospore production now identified and targeted for improvement 
(Kobukata et al., 2024).

3.4. Improving cultivation with light control

Light is also an important factor influencing fungal physiology and 
fruiting body morphogenesis as well. While light is not required for the 
growth of the vegetative hyphae, blue to near-UV light wavelengths 
have been shown to play a role in various stages of fruiting body for
mation, though in a species-specific manner (Virágh et al., 2022). Few 
studies investigated light influence on fruiting in Pleurotus genus, mainly 
focusing on P.eryngii (Ye et al., 2022) and P. ostreatus (Wang et al., 
2020). Exposure to specific light qualities can influence both the 
morphogenesis and pigmentation of fruiting bodies, as detailed in Sec
tion 5.2. A comprehensive understanding of the light-induced metabolic 
response could lay the foundation for an improved and sustainable 
cultivation.

3.5. Process scalability

Mushroom cultivation faces significant challenges when it comes to 
scalability, especially with regards to spawn quality control, infra
structure investment, economic viability, and environmental manage
ment. Assuring a high spawn quality is essential for ensuring healthy and 
productive crops. Issues such as contamination, genetic drift, and un
even colonization can arise with classic grain spawn as production scales 
up, requiring robust quality control measures to mitigate these risks. 
One promising solution is the use of liquid spawn, that offers the 
advantage of having more vigorous mycelial growth in a compact space 
and shorter time, while lowering the probability of contamination. 
Inoculum can be more homogeneous, carried out under aseptic condi
tions, can be automated, and scaled up in industrial fermenters (Liu 
et al., 2018; Abdullah et al., 2013).

Liquid spawn of different Pleurotus species have been developed and 
patented (WIPO, 2025). Nonetheless, despite its numerous advantages, 
the adoption of liquid spawn remains limited, likely due to auto pro
duction and the consequent need for specialized equipment and trained 
personnel to maintain sterile conditions (Balan et al., 2022; Grimm 
et al., 2022).

Smart mushroom farms equipped with automated systems for 
growing and harvesting, leveraging computer vision and machine 
learning, have been described in the literature (Sujatanagarjuna et al., Fig. 2. Innovations in Pleurotus production.
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2023). However, the most significant challenge to widespread adoption 
remains the cost of implementing and maintaining such advanced 
technologies (Souag et al., 2024).

3.6. Spent mushroom substrate reuse

The spent mushroom substrate (SMS), once considered a waste 
byproduct, has recently gained recognition as a valuable resource with 
diverse applications, as highlighted in recent reviews (Leong et al., 
2022; Martín et al., 2023; Kousar et al., 2024). Among the Pleurotus 
genus, P. eryngii and P. ostreatus stand out for their potential in SMS 
reuse, whether as a supplemented substrate for additional mushroom 
cultivation cycles, alternative animal and insect feed, or a source of 
biotechnological enzymes. Moreover, SMS can be repurposed as a 
feedstock for second-generation biofuel production or utilized as a 
biofertilizer and soil amendment, underscoring its role in sustainable 
and circular agricultural systems.

4. Pleurotus as lignocellulose degraders

4.1. Lignin modifying and carbohydrate active enzymes for lignocellulose 
degradation

Lignin is the most abundant aromatic polymer found in nature; it is 
part of the lignocellulose material (15–40 % weight base), which pro
vides structural strength and impermeability to plants (Yoo et al., 2020; 
Sethupathy et al., 2022). Lignin is composed by phenolis units, also 
covalently linked to cellulose and hemicellulose via by covalent, ester, 
and hydrogen bonds, thus hindering polysaccharides accessibility to 
microbial degradation.

Lignin and lignocellulose biomasses are recalcitrant materials due to 
their high resistance to microbial degradation. Biomass resistance de
pends upon several factors, including lignin molecular weight and 
syringyl/guaiacyl unit ratio, cellulose crystallinity, degree of polymeri
zation, available surface area, and accessibility.

Delignification is an effective strategy to increase cellulose accessi
bility allowing its biological conversion and exploitation, both in natural 
and industrial environments, such as biorefinery and biotechnology. In 
nature lignocellulose degradation can be performed by WRF and relies 
on the action of the extracellular enzymes, able to mineralize lignin to 
CO2 and H2O, leaving a white, cellulose rich material. Pleurotus spp. 
belong to WRF and possess outstanding catalytic capabilities for ligno
cellulose degradation. Their efficient enzymatic machinery allows to 
degrade lignin and cellulose mainly through oxidative and hydrolytic 
enzymes (Table 3).

Lignin-modifying enzymes (LME) belong to the oxidoreductase class 
and include phenol oxidases (laccase, EC 1.10.3.2, LC) and heme- 
containing peroxidases (dye-decolorizing peroxidase, EC 1.11.1.19, 
DyP; lignin peroxidase EC 1.11.1.14, LiP; manganese peroxidase, EC 
1.11.1.13, MnP; and manganese versatile peroxidase EC 1.11.1.16, VP) 
(Téllez-Téllez and Diaz-Godinez, 2019).

In the first phase of lignin degradation, aromatic compounds 
deriving from lignin or already existing in the environment are oxidized 
by LME into phenoxy radicals, which oxidize lignin non-phenolic resi
dues by hydrogen abstraction mechanism. Aromatic compounds can 
function as redox mediators for laccases and peroxidases; thus, the 
oxidative degradation can propagate (Janusz et al., 2017).

In addition, lignin-degrading auxiliary enzymes (LAE) participate to 
this process after LME. Even though LAE are not able to degrade lignin 
per se, they produce H2O2 using lignin or sugars as substrate. Among 
them, the most abundant in Pleurotus genus are glyoxal oxidase (EC 
1.2.3.5), aryl alcohol oxidase (EC 1.1.3.7), glucose dehydrogenase (EC 
1.1.99.10), pyranose 2-oxidase (EC 1.1.3.10), peroxygenases (EC 
1.11.2.1), cellobiose dehydrogenase (EC 1.1.99.18) (Téllez-Téllez and 
Diaz-Godinez 2019).

Enzymes involved in the synthesis, degradation and modification of 

glycoconjugates are also referred to as “carbohydrate active enzymes” 
(CAZy). These enzymes are classified according to sequence-based 
families (Drula et al., 2022). So far, the CAZy database has listed 309 
different CAZymes from Pleurotus, covering 5 different families and 
belonging to auxiliary activities (AA), carbohydrate-Binding Module 
(CBM), Glycosyl transferase (GT), Glycosyl hydrolases (GH), and Poly
saccharide Lyase (PL) (Carbohydrate Active Enzymes database, 2024, 
http://www.cazy.org/).

Table 3 
Lignin-modifying and carbohydrate-active enzymes in Pleurotus spp.

Enzyme name EC 
classification

CAZY 
classification

Reaction

Laccase 1.10.3.2 AA1 Multicopper oxidases 
that use diphenols and 
related substances as 
donors with oxygen as 
the acceptor

Dye-decolorizing 
peroxidase

1.11.1.19 AA2 Enzymes that use 
hydrogen peroxide or 
organic peroxides as 
electron acceptors to 
catalyze several 
oxidative reactions in 
which two electrons are 
derived from substrate 
molecules to reduce the 
enzyme followed by a 
concomitant release of 
two water molecules

Lignin peroxidase 1.11.1.14
Manganese 

peroxidase
1.11.1.13

Manganese versatile 
peroxidase

1.11.1.16

Glyoxal oxidase 1.2.3.5 AA5 Radical-copper 
oxidases that use 
aldehyde or oxo group 
of donors with oxygen 
as the acceptor

Aryl alcohol oxidase 1.1.3.7 AA3 Oxidation of alcohols or 
carbohydrates with the 
concomitant formation 
of hydrogen peroxide or 
hydroquinones

Glucose 
dehydrogenase

1.1.99.10

Pyranose 2-oxidase 1.1.3.10
Peroxygenases 1.11.2.1
Cellobiose 

dehydrogenase
1.1.99.18

Glycoside hydrolases 3.2.1.- GHs Hydrolysis of the 
glycosidic bond 
between two or more 
carbohydrates or 
between a carbohydrate 
and a non-carbohydrate 
moiety

Glycosyltransferases 2.4.-.- GTs Formation of glycosidic 
bonds

Polysaccharide lyases 4.2.2.- PLs Non-hydrolytic 
cleavage of glycosidic 
bonds

Carbohydrate 
esterases

3.1.1.- CEs De-o or de-n-acylation 
of substituted 
saccharides

Endoglucanases 3.2.1.6 CBM 1 Hydrolysis of (1→4)- 
β-d-glucosidic linkages 
in cellulose, lichenin 
and cereal β-d-glucans

Xylanases 3.2.1.8 Endohydrolysis of 
(1→4)-β-d-xylosidic 
linkages in xylans

Lytic polysaccharide 
monooxygenase

1.14.99.- Oxidative cleavage of 
cellulose; leaves d- 
glucono− 1,5-lactone 
residue at the reducing 
end

Cellobiohydrolase 3.2.1.91 Hydrolysis of (1→4)- 
β-d-glucosidic linkages 
in cellulose and 
cellotetraose, releasing 
cellobiose from the non- 
reducing ends of the 
chains
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Despite their physiological role, LME and CAZy find multiple appli
cations, such as bleaching, delignification, cellulose and hemicellulose 
degradation (paper pulp industry, biofuel production), starch process
ing, haze reduction and clarification (food and beverage industry), 
degradation of dyes and contaminants (bioremediation), synthesis of 
new compounds (pharmaceuticals and biotech industries), and are 
responsible for the enormous biotechnological potential of Pleurotus spp. 
(Singh et al., 2023; da Silva Vilar et al., 2022; Kim, 2021; Chukwuma, 
et al., 2020).

4.2. Unlocking the industrial potential of Pleurotus’ lignin modifying and 
carbohydrate active enzymes

LME can oxidize recalcitrant compounds, such as but not limited to 
lignin. In addition, a wide spectrum of natural and synthetic compounds 
that can be used as LME substrates, thus conferring an extremely 
attractive feature for their industrial and biotechnological application 
(Loi et al., 2021).

Another interesting aspect of LME is that they are mostly secreted as 
isoenzymes, which are enzymes with different aminoacidic sequence 
(primary structure) o even folding, which share the same catalytic 
function. Even a slight difference in the primary structure may alter their 
catalytic efficiency, kinetic or substrate specificity. Therefore, isozymes 
offer the possibility of performing catalysts with different stability, 
optimal pH and temperature, substrate specificity, which may be 
differentially regulated at transcriptional and post-transcriptional level. 
From a physiological point of view, the isozymes existence is necessary 
to colonize the substrate and adapt to the changing environmental 
conditions. Indeed, the evolution of this complex enzymatic machineries 
was correlated with the capability of these organisms to populate 
different ecological niches and develop new lignocellulose-degradation 
strategies (Ruiz-Dueñas et al., 2021).

Moving the context to the biotechnological perspective, isozymes 
open endless potentialities of the application for such enzymes.

Distinct species within Pleurotus genus show different enzymatic 
repertoires which make them more adapted to woody or cellulose-rich 
materials. This adaptation (i.e. increase of gene copy numbers, fusion 
with carbohydrate-binding modules under selective pressure) can be the 
result of long-term evolution of fungus–plant associations (as for the 
members of the P. eryngii species complex), colonization of ecological 
niches (wood or cellulose rich environment) or triggered by inducers (i. 
e. simple phenols, straw) and subsequent gene up-regulation (Xie et al., 
2021; Peña et al., 2021; Sun et al., 2023).

Genetic manipulation represents the go-to approach to boost enzyme 
production, to improve enzyme characteristics, or reduce production 
costs in both bacteria and filamentous fungi. Although several ad
vancements have been achieved in the application of genome 
sequencing and genetic engineering in Basidiomycota, key enabling 
technologies for basidiomycete transformation, especially using 
CRISPR/Cas9 technology, are still being developed (Lange et al., 2020). 
The key issues to overcome include the genetic manipulation of complex 
hetero- or dikaryiotic cells and subsequent difficulties in mutant 
screening, the introduction of unintended mutation in off-target genes, 
low editing efficiency (both in transformation and regeneration), and 
absence of CRISPR/Cas9 basidiomycete toolkits and optimized pro
tocols. Thus far, only functional gene and molecular breeding analyses 
were performed (Zhang et al., 2023), with emphasis on the essential role 
of lignin-modifying enzymes to degrade plant cell wall lignin (Nakazawa 
et al., 2023). Only recently an innovative CRISP/Cas9 system was 
developed for efficient genome editing without integration of any 
exogenous DNA, opening new possibilities for molecular breeding 
without the concerns associated with genetically modified microor
ganisms (Koshi et al., 2024). These studies confirm that the use of 
innovative molecular tools in Basidiomycota and Pleurotus genus is still at 
its early stage. Nonetheless they hold enormous potential for future 
applications in enzyme applications.

Although enzymes represent a sustainable and eco-friendly, and 
energy-saving alternative to the chemical treatment of lignocellulose 
biomass, their production is still costly, slow, and hardly scalable 
(Dashora et al., 2023). LME are a significant share of industrial enzymes, 
which have been valued at 13.94 billion dollars in 2024 (Grand View 
Research, 2024) and are expected to be the fastest growing segment of 
industrial enzymes, due to the increasing demand of lignocellulose 
material valorization (Ferreira et al., 2021). More specifically, laccase 
alone is expected to reach 4 million dollars by the end of 2027 (Brugnari 
et al., 2021). Unlocking the industrial potential of Pleurotus LME and 
CAZy is mandatory to fully exploit the full potential of this fungus, 
especially from an economic point of view.

5. Fungal photobiology

5.1. Photoreceptors and light sensing

Light response in fungi can be fast and triggered by extremely low 
light intensities, or have long term effects, and in this case, it involves 
major changes in gene expression.

The main components of light perception are photoreceptors, pro
teins containing light-sensing chromophores which perceive the light 
and activate a biological response (Corrochano, 2007; Idnurm et al., 
2010; Yu and Fischer, 2019; Fanelli et al., 2016).

Photoreceptor molecules have been described in all types of living 
organisms and well characterized in model organisms such as Neuros
pora crassa, Trichoderma atroviride and Aspergillus nidulans (Briggs and 
Spudich, 2005; Casas-Flores et al., 2004; Blumenstein et al., 2005). They 
receive light signals through chromophores, light-absorbing molecules, 
which trigger structural changes for activating the transcription of 
light-associated genes or starting the signal transduction pathway that 
leads to the cellular response to light.

Photosensory proteins are classified into four categories: 

1) The Flavin-Based White Collar Photoperception System
2) Phytochrome: A Linear Tetrapyrrole- Containing Histidine Kinase
3) Cryptochrome and Photolyases Cryptochromes
4) Opsins

1. The most representative member of the Blue light photoreceptor 
family is the White Collar-1 (WC-1) protein of Neurospora crassa. This 
protein family contains three PAS domains, the first of which is a LOV 
(Light, Oxygen, Voltage) domain (He et al., 2002), belonging to the PAS 
(Per Arnt Sim) superfamily and present in proteins that sense UV-blue 
light in plants and fungi. WC photoreceptors are conserved also in 
A. nidulans, although in this species red light and phytochrome play 
dominant roles in light sensing, thus WC role appears to be different 
(Purschwitz et al., 2008; Blumenstein et al., 2005).

Upon blue light absorption, LOV domains transiently form a covalent 
flavin-thiol adduct with a conserved cysteine residue present in the LOV 
domain (Schleicher et al., 2004). The other two PAS domains are 
involved in protein-protein interactions (Taylor and Zhulin, 1999). 
WC-1 dimerizes with the WC-2 protein, which contains a PAS, a GATA 
zinc finger domain and an activation domain, to form the WC complex 
(WCC), which acts as a transcriptional factor directly controlling gene 
expression of light-responsive genes. While WC-2 binds WCC to the 
DNA, WC-1 acts as a clock-related DNA regulator and on the WCC 
binding. The main regulator of the WCC is VIVID (VVD), a small 
photoreceptor protein with a LOV domain containing blue-light photo
receptor that functions downstream of the WCC to negatively regulate 
the light responses (Heintzen et al., 2001).

2. Phytochromes are multidomain proteins with a linear tetrapyrrole 
covalently attached to the protein. Their N-terminal photosensory do
mains combines domains named PAS (found in Per, Arnt, and Sim), GAF 
(named for vertebrate cGMP- specific phosphodiesterases, cyanobacte
rial adenylate cyclases, and the transcription activator FhlA), and PHY 
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(phytochrome-specific PAS-related). The chromophore absorbs red light 
and undergoes a reversible conformational change, which enables to 
sense far red light (Burgie et al., 2014). In A. nidulans red light percep
tion relies on the phytochrome FphA (Brandt et al., 2008; Blumenstein 
et al., 2005) which has a histidine kinase domain in addition to a 
chromophore-binding domain. FphA also interact with LreB, that 
together with LreA is the homolog of WC-1 and WC-2 of N. crassa, and 
with the velvet-domain protein VeA, a putative transcription factor that 
represses conidiation and regulates secondary metabolism (Purschwitz 
et al., 2008).

3. Cryptochrome and Photolyases are blue-light photoreceptors 
similar to photolyases, which bind noncovalently the flavin chromo
phore FAD (Flavin Adenine Dinucleotide). They have been identified 
and described in several fungal species. In Fusarium fujikuroi the cryp
tochrome CryD belongs to same CRY-DASH family of Neurospora crassa 
and participates in the regulation of secondary metabolism and the 
development of conidia (Castrillo et al., 2013).

4. Opsin genes have been described in several fungi and recently 
their role in photobiology has become clearer. As an example, in 
N. crassa the opsin NOP-1 shows a slow photocycle and long-lived in
termediates, suggesting its role as a sensory photoreceptor. Two opsin 
genes, carO, located in a gene cluster for carotenoid biosynthesis, and 
opsA, have been identified in the genome of Fusarium species by Prado 
et al. (2004).

In ascomycetes and basidiomycetes several types of photoreceptors 
have been described Corrochano (2019) and the percentage of 
light-regulated genes widely vary depending on the species, reaching the 
high proportion of 30 % in N. crassa and including genes needed for 
pigment biosynthesis and for the defense against oxygen stress (Wu 
et al., 2014).

In fungi blue light is the primary signal for photoreception and the 
WC complex is the primary photoreceptor system for blue light. Despite 
other fungi also sense red light, as A. nidulans, the WCC complex is 
considered the ancient and widespread receptor in ascomycete, basid
iomycete, and zygomycete fungi. Besides activating the transcription of 
light-responsive genes, the WCC and other photoreceptors might regu
late other aspects of fungal biology at the posttranscriptional level 
through the action of a signal transduction pathway, by connecting light 
sensing and MAPK.

5.2. Pleurotus and light

In Pleurotus ostreatus homologs of the WC-1 and WC-2 have been 
identified in 2020 by Qi et al. (2020). The PoWC-1 contains three typical 
PAS domains and one PAS domain, which shows significant similarity to 
the LOV domain WC-1. poWC-1 gene has no introns, and the predicted 
protein was of 651 amino acids, while poWC-2 gene contained 13 exons 
and 12 introns and encoded a protein of 771 amino acids having one 
typical PAS domain and one GATA ZnF domain. The expression of both 
genes was induced under blue light irradiation, reaching a maximum 
after 15 min under 300lux blue light (Qi et al., 2020). In vivo analysis 
through yeast two-hybrid experiment demonstrated that PoWC-1 and 
PoWC-2 could form heterologous complex, but this required the binding 
of FAD, which acts as transcription factors and activates the transcrip
tion of reporter genes.

In the last years, few studies have analyzed the effect of light irra
diation on distinctive features of Pleurotus species, such as growth, 
fruiting body formation, elongation of pilei, enzyme production, and 
investigated the pathways activated and regulated by light by omics 
approaches.

Yue et al. (2022) estimated the effects of the irradiation with LED of 
different wavelength on the commercial properties of P. eryngii, 
demonstrating that red wavelengths exposures increased the yield, and 
the nutritional quality compared to blue, white, and dark conditions, 
although under red treatment the total protein content was the lowest 
(Yue et al., 2022).

Araújo et al. (2021) investigated the growth and the extracellular 
enzyme activities under green light exposure in five species of Pleurotus 
(P. citrinopileatus, P. djamor, P. eryngii, P. ostreatus, and P. pulmonarius). 
The authors reported that green light reduced the mycelial biomass 
growth of Pleurotus spp. but increased the cellulolytic and xylanolytic 
activities, while reducing laccase activity for most strains (Araújo et al., 
2021).

In Pleurotus eryngii the exposure to fluorescent lamp and blue light 
irradiation induced the formation of thicker and larger pilei but shorter 
stipes compared to those grown under LEDs (Jang et al., 2011), while 
Zhang et al. (2019) demonstrated that, in the same species, fruiting 
bodies exposed to red light were of higher quality, with longer stipes and 
closed pilei, and blue-light treatment produced larger and open pilei 
with darker colours (Zhang et al., 2019).

A proteomic study carried out by Zhu et al. (2024) revealed that 
under white, red, and blue light treatments in P. ostreatus PH11, a total 
of 1100 proteins were differentially expressed compared to the dark 
control treatment, mainly belonging to the oxidative phosphorylation, 
proteasome, and mRNA surveillance pathways. The intensities of the 
light treatments were not indicated in the paper thus avoiding further 
comparisons. The authors demonstrated that light affects the energy 
supply-related pathways and the ubiquitin-proteasome system, having a 
role in the cell response to environmental stress.

Du et al. (2020) performed a transcriptomic analysis on P. eryngii 
grown under blue- and red-light treatments to analyze the pathways 
involved in the pileus morphogenesis: they identified multiple differ
entially expressed genes (DEGs) related to respiratory functions, sug
gesting that respiratory activity increased during pileus development 
regardless of light quality.

A comparative transcriptomic approach was also used by Xie et al. 
(2018) to reveal the blue-light regulation of 319 differentially expressed 
CAZYmes encoding genes which are involved in the primordium dif
ferentiation into fruiting body. The same methodology was applied by 
Ye et al., (2022) to identify several DEGs under blue and red stimulation 
involved in light-induced primordium differentiation in P. eryngii. The 
authors reported that the MAPK signalling pathway, oxidative phos
phorylation pathway, and RNA transport, as well as the photoreceptor 
WC-1 and the deoxyribodipyrimidine photolyase PHR might play 
important roles in the primordium differentiation of P. eryngii.

In P. ostreatus blue light exposure enhanced the growth compared to 
red and dark and significantly upregulated the expression of genes 
involved in glycolysis/gluconeogenesis, the pentose phosphate pathway 
and the peroxisome in the pileus (Wang et al., 2020).

According to these studies, blue light seems to be the most effective 
in inducing the growth of Pleurotus spp. Although light receptors in the 
different species of Pleurotus have not been yet described, with the 
exception of the WC-1 and WC-2 homologues recently discovered (Qi 
et al., 2020), the omics studies performed so far have identified common 
pathways involved in light perception and response, such as the respi
ratory pathway, the glycolysis and gluconeogenesis, the pentose phos
phate pathway, the peroxisome MAPK signaling pathway, the oxidative 
phosphorylation pathway, and RNA transport.

6. Conclusion and perspectives

In this review we provided an overview on Pleurotus genus, high
lighting its economic relevance, biotechnological potential, controver
sial taxonomy, and photobiology. Pleurotus cultivation exemplifies a 
sustainable approach to food production and waste valorization., 
although it is still limited to small scale farming. Innovations in process 
scalability, including the adoption of liquid spawn and automated sys
tems remain limited by cost and technical barriers. A comprehensive 
understanding of Pleurotus physiology, particularly regarding the intri
cate processes governing fruiting body formation in response to envi
ronmental factors like temperature and light, remains incomplete. 
Advancing this knowledge would significantly enhance the efficiency 
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and sustainability of its commercial cultivation, paving the way for 
optimized production systems and broader biotechnological applica
tions of its enzymatic repertoire.

The definition of Pleurotus complex taxonomy and phylogeny is still 
debated, as so are the genetic markers which can provide the highest 
resolution in discriminating species based on inter and intra-species 
variation. To this aim, the availability of growing numbers of genomic 
sequences will help describing the evolutionary relatedness and biodi
versity assessment of the genus, as well as discovering the most appro
priate marker genes for a correct identification.

Over the past decade, the growing availability of fungal genomes and 
omics techniques has significantly expanded our ability to identify 
photoreceptors in several fungal genera. These molecules are respon
sible for sensing the environment and initiating a complex signal- 
cascade mechanism which activates light sensing genes, crucial to 
adapt to a changing environment. Understanding the evolution of pho
toreceptors in Pleurotus genus is pivotal to unravel fungal behaviour, and 
how each species has evolved and occupied its ecological niche under 
different light environments. This awareness may contribute to under
stand how climate change scenario could affect the fitness of these 
species, or the adaptation to novel ecological niches. Moreover, further 
exploitation by using genetic manipulation of photoreceptors and light 
activated elements, could help to optimize the growth and the nutri
tional value of these fungi, and to maximize the industrial production of 
their relevant enzymes. Given the importance of light regulation for 
industrially relevant enzymes, gaining more insights on how the meta
bolic pathways are regulated by light promises to enhance enzyme 
yields and efficiency. LED technology, as a cutting-edge and sustainable 
technology, offers advantages over conventional artificial lighting sys
tems (incandescent, fluorescent, and high-intensity discharge lamps), by 
providing low emitting radiant heat, long lifespan, and low energy de
mand, and then reducing both purchase and operational costs.

Despite all the efforts made in the past decades, several intriguing 
questions related to photoreception remain unsolved in Pleurotus genus: 
i) are there undiscovered photoreceptors? ii) is adaptation linked to 
photoreceptors evolution and how could climate change scenarios 
impact light-sensing mechanisms and overall adaptability of Pleurotus 
species? iii) what role does light perception play in the secretion of 
enzyme activities involved in niche colonization/host interaction? iv) 
what are the specific metabolic pathways regulated by light in Pleurotus, 
and how can this knowledge be used to enhance enzyme production and 
other biotechnological applications?

Addressing these questions could improve our understanding in 
Pleurotus ecology and behavior, drive innovative, cost-effective, and eco- 
friendly biotechnological advancements, offering substantial benefits 
for both basic and applied industrial research.
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Meyer, W., Öpik, M., Robert, V., Stadler, M., Thines, M., Vu, D., Yurkov, A.M., 

A. Villani et al.                                                                                                                                                                                                                                  Microbiological Research 295 (2025) 128110 

10 

https://doi.org/10.1016/j.tifs.2016.01.012
https://doi.org/10.1016/j.tifs.2016.01.012
https://doi.org/10.1039/b702155k
https://doi.org/10.1039/b702155k
https://doi.org/10.1146/annurev-genet-120417-031415
https://doi.org/10.1146/annurev-genet-120417-031415
http://refhub.elsevier.com/S0944-5013(25)00066-7/sbref25
http://refhub.elsevier.com/S0944-5013(25)00066-7/sbref25
http://refhub.elsevier.com/S0944-5013(25)00066-7/sbref25
https://doi.org/10.1002/jctb.6751
https://doi.org/10.3390/catal13010149
https://doi.org/10.1016/j.mib.2016.04.005
https://doi.org/10.1016/j.heliyon.2024.e36956
https://doi.org/10.1016/j.funbio.2019.04.007
https://doi.org/10.1016/j.funbio.2019.04.007
https://doi.org/10.1007/s00203-021-02730-8
https://doi.org/10.1016/j.funbio.2021.06.003
https://doi.org/10.3390/su141912509
https://doi.org/10.3390/su141912509
https://doi.org/10.1088/1748-9326/ac1a39
https://doi.org/10.1088/1748-9326/ac1a39
https://doi.org/10.1093/nar/gkab1228
https://doi.org/10.1016/j.ygeno.2019.09.014
https://doi.org/10.1016/j.ygeno.2019.09.014
https://doi.org/10.3920/WMJ2014.1860
https://doi.org/10.1002/bbb.2142
https://doi.org/10.1002/bbb.2142
https://doi.org/10.3390/molecules21050560
https://www.grandviewresearch.com/industry-analysis/enzymes-industry
https://www.grandviewresearch.com/industry-analysis/enzymes-industry
https://doi.org/10.1126/science.1072795
https://doi.org/10.1126/science.1072795
https://doi.org/10.3390/agriculture14122277
https://doi.org/10.3390/agriculture14122277
https://doi.org/10.1186/s12866-017-1046-y
https://doi.org/10.1016/s0092-8674(01)00232-x
https://doi.org/10.1016/s0092-8674(01)00232-x
http://refhub.elsevier.com/S0944-5013(25)00066-7/sbref44
http://refhub.elsevier.com/S0944-5013(25)00066-7/sbref44
http://refhub.elsevier.com/S0944-5013(25)00066-7/sbref44
http://refhub.elsevier.com/S0944-5013(25)00066-7/sbref44
http://refhub.elsevier.com/S0944-5013(25)00066-7/sbref45
https://doi.org/10.1007/s11274-018-2487-7
https://doi.org/10.1007/s11274-018-2487-7
https://doi.org/10.1016/j.fgb.2010.04.009
https://doi.org/10.1016/j.fgb.2010.04.009
https://www.indexfungorum.org/
https://doi.org/10.4489/KJM.2010.39.3.175
https://doi.org/10.4489/KJM.2010.39.3.175
https://doi.org/10.1093/femsre/fux049
https://doi.org/10.1093/femsre/fux049
https://doi.org/10.1016/j.farsys.2024.100098
https://doi.org/10.1016/j.farsys.2024.100098
https://doi.org/10.47836/ifrj.30.5.01
https://doi.org/10.3390/app11136161
http://refhub.elsevier.com/S0944-5013(25)00066-7/sbref53
http://refhub.elsevier.com/S0944-5013(25)00066-7/sbref53
http://refhub.elsevier.com/S0944-5013(25)00066-7/sbref54
http://refhub.elsevier.com/S0944-5013(25)00066-7/sbref54
http://refhub.elsevier.com/S0944-5013(25)00066-7/sbref54
https://doi.org/10.1038/srep08630
https://doi.org/10.1007/s00253-024-13367-0
https://doi.org/10.1002/bbb.2559
https://doi.org/10.3390/molecules25122811
https://doi.org/10.1007/978-3-030-29541-7_1
https://doi.org/10.1007/978-3-030-29541-7_1
https://doi.org/10.1371/journal.pone.0241749
https://doi.org/10.1080/15572536.2005.11832931
https://doi.org/10.1016/j.biortech.2021.126157
https://doi.org/10.1155/2022/2454180
https://doi.org/10.1186/s43008-020-00031-1
https://doi.org/10.1186/s43008-020-00031-1
https://doi.org/10.1111/1541-4337.12708
https://doi.org/10.1007/s00253-022-11985-0
https://doi.org/10.1007/s00253-022-11985-0
https://doi.org/10.1155/2022/6068185
https://doi.org/10.1155/2022/6068185
https://doi.org/10.1016/j.scienta.2018.06.068
https://doi.org/10.1016/j.scienta.2018.06.068
https://doi.org/10.3390/jof7121048
https://doi.org/10.3390/jof7121048


Zhang, N., Schoch, C.L., 2020. Unambiguous identification of fungi: where do we 
stand and how accurate and precise is fungal DNA barcoding? IMA Fung 11, 14. 
https://doi.org/10.1186/s43008-020-00033-z.

Martín, C., Zervakis, G.I., Xiong, S., Koutrotsios, G., Strætkvern, K.O., 2023. Spent 
substrate from mushroom cultivation: exploitation potential toward various 
applications and value-added products. Bioengineered 14 (1), 2252138. https://doi. 
org/10.1080/21655979.2023.2252138.

Menolli, N., Breternitz, B.S., Capelari, M., 2014. The genus Pleurotus in Brazil: a 
molecular and taxonomic overview. Mycoscience 55, 378–389. https://doi.org/ 
10.1016/j.myc.2013.12.001.
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