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Abstract

Edible mushrooms are recognised as a functional food due to their rich content
of bioactive substances and low calories. Pleurotus, or oyster mushroom
contributes to a quarter of global mushroom production while the most
cultivated mushroom in Malaysia is Pleurotus pulmonarius. The mushroom
industry is constantly facing challenges arising from mushroom spawn of low
quality. To maximize production, it is therefore essential to use strains with
excellent biological efficiency, measured by the fresh weight of mushroom per
dry substrate used. However, the biological and biochemical process at the
molecular level that underlies the biological efficiency of P. pulmonarius are
not well-known. This research aims to identify and determine the differentially
expressed genes and transcriptome profiles of selected Malaysian low- and
high-yield Pleurotus pulmonarius strains. The association between antioxidant
activities, nutritional profile, and biological efficiencies of Pleurotus strains
were established. Mechanism underlying the biological efficiency and
complete growth of selected P. pulmonarius samples was further investigated
through transcriptomic profiling. By using three newly developed DNA
barcodes, sixteen strains were identified as Pleurotus pulmonarius and eight
as Pleurotus eryngii. Generally, P. pulmonarius showed antioxidant activities
and phytochemical contents that were superior to P. eryngii. Biological
efficiencies of ten identified P. pulmonarius strains were further established.
Subsequently, comparative transcriptomic profiling was performed, with
MP35 and MP42 classified as the high-yield type, whereas MP12 and MP28
designated as the low-yield type based on findings from the biological
efficiency assessments. Differential expression analysis revealed 27449
unigenes exhibiting significant (P<0.05) dysregulation, where 13707 genes
were upregulated and 13742 were downregulated in the high-yield group as
compared to the low-yield group. Through KEGG enrichment analysis, four
potential differential expressed gene were discovered. Aspartyl protease,
CATALASE1, GTPase activating protein SEC23, palmitoyltransferase and copper

amine oxidase from various significantly enriched pathways were verified



using real time polymerase chain reaction (qPCR). Palmitoyltransferase,
copper amine oxidase and CATALASE1 were downregulated while GTPase-
activating protein and aspartyl protease were upregulated according to NGS
results. The relative gene expression from qPCR results follows the same trend
for each gene. The application of the identified five genes can be used as
molecular biomarkers to differentiate high and low yield P. pulmonarius strain
before large-scale commercial cultivation. These results provide valuable
information on species identification, strain selection and cultivation strategies

of P. pulmonarius for improving mushroom agriculture industry.
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Chapter 1: Introduction

1.1 Background

The oyster mushroom, which is also known as Pleurotus, belongs to the family
Pleurotaceae in the Basidiomycota division. Pleurotus mushrooms are the
second most produced mushroom globally, trailing only Lentinula (Royse). In
comparison to other basidiomyctes, Pleurotus has a larger number of
cultivated species (Singh & Kamal, 2017). The most cultivated type of oyster
mushroom in Malaysia is the grey oyster mushroom (Pleurotus pulmonarius),
which accounts for 90.89% of production, followed by Lingzhi (Ganerdoma
lingzhi) (1.64%) and King oyster (Pleurotus eryngii) (1.17%) (Rosmiza et al.,
2016).

With its high protein, vitamins and amino acids content, oyster mushrooms are
generally considered as a functional food with high nutrition (Musieba et al.,
2013). Not only that, but oyster mushrooms are also known for their
antioxidant, anti-inflammatory, antihypertensive, antimicrobial and

cytotoxicity properties (Corréa et al., 2016).

1.2 Outline of key issues

The oyster mushrooms samples in the MARDI’s library lacks proper
identification as its identification is based on the traditional methods by using
morphological traits such as colour and cap shape. This issue is can be more
complicated for two different factors. One, with species such as P. eryngii
where species complex exists (Shnyreva & Shnyreva, 2015). Two, the
morphological appearance of oyster mushroom can change depending on the
cultivation conditions (temperature, humidity, absence of light) and substrate
type (Avin et al., 2012). The more appropriate method of identifying edible
mushroom is to use DNA barcoding such as the internal transcribed spacer

(ITS).

In Malaysia, the most popular cultivated edible mushroom is P. pulmonarius,

yet problems like the poor quality of initial mushroom spawn persist. This can
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negatively impact the farmers livelihood as poor-quality spawn produce fewer
fruiting bodies in a longer period. Edible mushroom pricing is based on the
weight; hence it is vital to use good quality mushroom spawn that produces
more fruiting bodies in a shorter period (Jeznabadi et al., 2016). Edible
mushrooms should also be subjected to nutritional analysis as this is an
important step to commercialise a food product. This nutritional analysis
includes antioxidants content, total phenolic content, and proximate analysis

(Nielsen, 2017).

Lastly, once we have established high and low yield oyster mushroom through
cultivation, we can perform next generation sequencing (NGS) to compare the
gene expression of high and low yield oyster mushrooms. This can provide
information on the genes that might play a role in determining the yield and
complete growth of oyster mushrooms. We hypothesize that the genes
detected in NGS between high and low yield oyster mushroom are the
important genes that plays a role in specific pathways to determine the vyield,

complete growth, and antioxidant properties.

1.3 Core objectives

The core objective of this research is to identify differentially expressed genes
via transcriptomic profiling of selected high and low vyield P. pulmonarius in

Malaysia. The specific objectives of this research is as follow:: -

1. To design three novel DNA barcode for the identification of Malaysia
oyster mushroom

2. To compare antioxidant, phenolic and nutritional content of identified
P. pulmonarius in both mycelia and fruiting bodies.

3. To perform whole transcriptomic analysis followed by differential
expressed gene analysis between high and low yield P. pulmonarius

fruiting bodies.
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Chapter 2: Literature review

2.1 Pleurotus genus

Commonly known as the oyster mushroom, the genus Pleurotus originated
from the Basidiomycota class (Barh et al., 2019). About 40 varieties of species
belong to the genus Pleurotus with few of high economic importance and
distributed in a large range of temperate and tropical climates, such as
Pleurotus ostreatus, Pleurotus eryngii and Pleurotus pulmonarius (Golak-

Siwulska et al., 2018).

Paul Kummer defined the genus Pleurotus (Fr) Kummer (Basidiomycota,
Agaricales) back in 1871. Pleurotus mushrooms are high in nutritional values
while possessing a wide variety of environmental and biological applications
(Knop et al., 2015). The abundance of vitamins, fibers minerals and proteins in
Pleurotus mushrooms has led the genus to be considered a functional and
healthy food. Due to the beneficial compositions of Pleurotus mushrooms, it is
considered as an alternative to vegetables, meats, and fishes (Mostak Ahmed

et al.,, 2016).

The Pleurotus species are cultivated globally as commercially important edible
mushrooms. Mushrooms from the genus Lentinula ranked first in terms of
cultivation number while Pleurotus ranked second worldwide. This is due to
Pleurotus mushroom shorter shelf life as compared to the Lentinula (Singh &
Kamal, 2017). China alone has accounted for 87% of Pleurotus production

worldwide while the rest of the world only produce 13% (Royse et al., 2017).

The most prominent species in the Pleurotus genus are P. pulmonarius (Figure
2.1), P. ostreatus (Figure 2.2), P. eryngii (Figure 2.3), P. populinus (Figure 2.4),
P. citrinopileatus (Figure 2.5), and P. djamor (Figure 2.6). In Malaysia, the most
demanded and cultivated mushrooms are from the Pleurotus genus. Contrary
to the global rankings, the production of oyster mushroom in Malaysia,
specifically Pleurotus pulmonarius contributes to about 91% of total

mushroom production (Rosmiza et al., 2016).
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Figure 2.1 Pleurotus pulmonarius cultivated in a mushroom house (own photo)

Figure 2.2 Pleurotus ostreatus, accessed 12 January 2023

https://www.cabidigitallibrary.org/cms/10.1079/cabicompendium.42037/ass

et/a4140790-eabe-454d-ab04-347b611f9fe9/assets/graphic/pleuos0l.jpeg
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https://www.cabidigitallibrary.org/cms/10.1079/cabicompendium.42037/asset/a4140790-eabe-454d-ab04-347b611f9fe9/assets/graphic/pleuos01.jpeg
https://www.cabidigitallibrary.org/cms/10.1079/cabicompendium.42037/asset/a4140790-eabe-454d-ab04-347b611f9fe9/assets/graphic/pleuos01.jpeg

Figure 2.3 Pleurotus eryngii, accessed 12 January 2023
<https://hifasdaterra.com/en/medicinal-mushrooms/king-oyster-pleurotus-

eryngii>

Michael Kuo

Figure 2.4 Pleurotus populinus accessed 12 January 2023

<https://www.mushroomexpert.com/images/kuo6/pleurotus_populinus_02.]

pg>
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Figure 2.5 Pleurotus citrinopileatus, accessed 12 January 2023 <

https://live.staticflickr.com/962/27422363907 8fcdf67e07 b.jpg>

Figure 2.6 Pleurotus djamor, accessed 12 January 2023 <

https://mushroommountain.com/wp-

content/uploads/2019/03/pinkoyster2.jpg>
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The worldwide mushroom market expanded from $57.18 billion in 2022 to
$62.44 billion in 2023. Forecasts indicate that the mushroom market is
projected to reach $90.88 billion in 2027 (The Business Research Company,
2023). This forecasted increase in demand provides a great opportunity for the
Malaysia mushroom industry to develop and increase its mushroom exports to
be able to compete with top mushrooms suppliers such as China. Cultivation
of Pleurotus species is usually on a large scale, utilizing agricultural waste with

easy and low-cost production techniques (Raman et al., 2018).

Pleurotus species secretes extracellular enzyme to aid in breaking down
organic materials to obtain nutrient for growth. A wide variety of
lignocellulosic waste such as paddy straw, rubber saw dust, and wheat straw
has been shown to be viable cultivation substrates for Pleurotus species
(Raman et al., 2021). By using these agriculture waste as substrates, cultivation
of Pleurotus helps in waste recycling while providing necessary functional food.
After cultivation, the spent substrates were also shown to be beneficial by
functioning as animal feeds, fertilizers, and production of biogas. (Kakon et al.,

2012).

2.2 Pleurotus life cycle

The oyster mushroom life cycle initiates with the germination of a basidiospore
in an optimal substrate (Figure 2.7). The spore subsequently forms a
monokaryon mycelium which contains genetically identical nuclei (n) and is
capable of independent growth. The formation of fertile dikaryon (n+n) occurs
when two monokaryon mycelia come into close contact by plasmogamy
(Adebayo & Martinez, 2015). A dikaryon possesses two genetically different
nuclei in each hyphae (one from each monokaryon) and a clamp connection
between each hyphae throughout the whole mycelia. Once appropriate
temperature, lighting conditions and humidity are present, the dikaryotic
mycelia will differentiate into primordia (tiny pinheads) and eventually a
fruiting body with specialized structure known as basidia on the gills of the

mushroom (Adebayo & Martinez, 2015). The process of karyogamy (fusion of
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two haploid nuclei) and meiosis (recombination and segregation) will take
place on the basidium (Figure 2.8) which results in four haploid nuclei moving
to the edge of basidium to form four new basidiospores. As the fruiting bodies
mature, the basidiospores (Figure 2.9) are released, initiating the life cycle

again (Adebayo & Martinez, 2015).

In the event of artificial culturing such as for research or commercial purposes,
the basidiospore or/and sporophore (fruiting bodies) tissue can be placed on
a nutritional agar medium under aseptic conditions. This will eventually give
rise to mycelia growth and the mycelium is inoculated on a suitable substrate
such as grains, wheat and straws which are called spawn (Adebayo & Martinez,

2015).

monokaryon

monokaryon

germination

basidiogpores frult body

basidium (karyogamy, meiogis),
sporulation

Figure 2.7 Life cycle of a Pleurotus mushroom (Adebayo & Martinez, 2015).
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hyphae

D |

spores

basidium

Figure 2.8 Image of a basidiocarp (Debivort, 2006)

Figure 2.9 Basidiospore on the gills of a Pleurotus pulmonarius (own photo)
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2.2.1 Pleurotus pulmonarius

Pleurotus pulmonarius (Fr.) Quel, commonly also known as grey oyster
mushroom (Jonathan et al., 2012) . P. pulmonarius (Figure 2.1) often have a
small cap about 10-13 cm in size, while having light brown or cream for colour.
The cap can be shaped as shell, or paddle. During early stages of growth
fruiting body it is shaped like an oyster with a bent and ruffled edge at times.
The gills converged deeply towards the stem and are very dense and narrow.
This species has a distinct stem which can reach up to 1.5 cm in thickness and
6cm in height. The stem is lateral and grows thinner towards the base. P.
pulmonarius has an indistinct odor and tastes slightly mild and sweet
(Dawidowicz, 2021). P. pulmonarius can be found worldwide except for
Antartica. It grows in condensed clumps or single specimen on deciduous and
conifers trees. Not only that, P. pulmonarius can be found grown on logs, carps
of trees and dead trunks of other trees such as oaks, beeches, poplars and
willows. P. pulmonarius can produce fruiting bodies in warm seasons during
summertime to early autumn (June to October). P. pulmonarius is often time
confused with its closely related species, the Pleurotus ostreatus and Pleurotus

dryinus due to its similar morphology.

2.2.2 Pleurotus ostreatus

Pleurotus ostreatus (Jacg.) P.Kumm is also known as oyster mushroom due to
its fruiting bodies resembling a colony of oysters. P. ostreatus (Figure 2.2) has
a cap diameter of 12-18 cm in size, often larger than P. pulmonarius. The
fruiting bodies of P. ostreatus are generally dark brown to gray in colour. P.
ostreatus found in the wild appears around autumn seasons (October —
November) with some occurrence during warm winters or early spring. While
tolerant to lower temperatures, P. ostreatus has stringent light requirements
as under low light, it does not produce any fruiting bodies or very smalls ones
(Wojewoda, 2003). The odor of P. ostreatus is of bittersweet smell of
benzaldehye and a hint of anise and almond (Beltran-Garcia et al., 1997). Just

like P. pulmonarius, it can be also found on dead wood and living trees
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specifically beech, willow, poplar, hornbeam, and common walnut (Piska et al.,

2017).

2.2.3 Pleurotus eryngii

Pleurotus eryngii (DC: Fr.) Quel., which are known as king oyster mushroom it’s
a valuable edible mushroom species due to its highly nutritional and medical
values. P. eryngii (Figure 2.3) are considered the best Pleurotus species for its
culinary qualities such as excellent texture and flavour, longest shelf life among
Pleurotus and its consistency in the stem and cap (Moonmoon et al., 2010) In
the wild, P. eryngii is a weak parasite as it can grow on a root of a living plant
from the genus Eryngium family Apiaceac (Zervakis et al., 2014). Fruiting
bodies of P. eryngii are pale cream to gray for the cap while the stipe is white
and thick. P. eryngii is the most diverse species in the Pleurotus genus with at

least six different varieties in its species complex (Estrada et al., 2010).

2.3 Cultivation of Pleurotus species

Pleurotus mushrooms do not need specific and sophisticated controlled
environment conditions as they are able to grow in high humidity, extensive
range of temperatures and tolerant to high concentration of carbon dioxide.
As such, cultivation of Pleurotus is increasingly gaining popularity globally
spawn (Adebayo & Martinez, 2015). Pleurotus mushrooms are also ubiquitous
and found all over the world whether it is tropical or temperate zone. In
Southeast Asia, cultivation of Pleurotus mushrooms has been a large source of

income for the farmers.

By using solid state fermentation, cultivation of Pleurotus mushroom aids in
the reusing of waste byproduct from agriculture industry. Numerous
agricultural wastes and by-products such as wheat and rice straw, sugar cane
leaves, mango seeds, banana leaves and peanuts hull are used as a substrate
to grow oyster mushroom. The commonly utilized substrates for cultivation in
Asia are cotton wastes and rice straw (Sardar et al., 2017). Generated from the
cotton spinning industry, cotton wastes substrates are the most suitable and

cheapest which has attracted and encouraged many Korean farmers into
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Pleurotus cultivation (Jang et al., 2016). The biological efficiency of multiple
Pleurotus species on compost and non-compost substrate ranged from 45% to

120% (Jatwa et al., 2016).

Historically, China was the first to be introduced to Pleurotus cultivation by the
West during World War 1 and has since attained about one quarter of the
world’s mushrooms production by the year 2010. In Japan, Pleurotus ostreatus
was cultivated starting early 1950s, and in 1993, the bottled techniques for
Pleurotus eryngii cultivation was introduced. The Japanese has adapted the
bottle technique with either corncob or sawdust as a substrate in large scale
production (Yamanaka, 2011). Multiple species of Pleurotus, namely P.
ostreatus, P. eryngii Pleurotus djamor, Pleurotus citrinopileatues,and Pleurotus
sajor-caju are mainly cultivated in South Korea with P. eryngii being the most
popular (Berch et al., 2007). Production of Pleurotus in South Korea amounted
to about half of total edible mushroom production (Soylu & Kang, 2016). On
the other hand, P. pulmonarius were cultivated on a large scale in Southeast

Asia (Bao et al., 2004).

2.4 Spawn time and preparation of substrate

Spawn is defined as mushroom seed, and it is used to grow the mushroom
mycelia in a solid substrate during cultivation. The proper duration of spawn
run, and suitable substrate usage can be challenging, despite the simplicity in
large-scale Pleurotus cultivation. Sawdust, hardwood, straw-based substrate,
and broadleaf with added supplements are usually used in commercial
cultivation. These substrates are pre-treated in a sterile environment to
eradicate any contaminants (Bernardi et al., 2013). Using pretreated conifer
wood chips as substrate, Pleurotus species will colonize and produce fruiting
bodies but if non-pretreated wood chips were used, inhibition of mycelia

colonization will occur due to inhibitory components (Croan, 2004).

Generally, for cultivation of Pleurotus species in a farm or mushroom house,
the temperature will be used are between 25°C to 30°C. The duration of spawn

run to primordial initiation was usually between 24-30 days. The duration of
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spawn run and temperature requirement for fruiting also varies based on the
species that is cultivated. The presence of light is not a requirement during the
spawn running and spawning is performed in a cleaned area of a large

chamber.

There are different standards of spawn preparation based on the different
species. For example, one kg of grains was washed thoroughly using tap water
and subsequently boiled in 1.5 liters of water for 30 mins until the grain
became soft and were soaked for 12 hours or overnight. These grains were
then spread out on a sterile surface to drain the excess water. After the excess
water was drained, 15g of calcium carbonate was added to the grains to
prevent it from clumping. Two hundred grams of grains were weighed and put
into polypropylene bags with cottons plugs and were sterilized at 121 °C for 20
mins. After cooling the bags at room temperature, mycelium from a Pleurotus
agar culture was placed onto the sterile grain through the opening of the

cotton plugs and incubated for mycelium propagation (Hsu et al., 2018).

Alternatively, sawdust can be a suitable replacement for grains with both the
substrates using rice and wheat bran as supplements. More recently, liquid
spawn, stick and stalk spawn are being utilized for cultivation (Zhang et al.,
2019). Liquid spawn is usually 2% (2g of mycelial in 100g of web substrate).
Various types of production methods were used for Pleurotus cultivation such
as jars, bags, trays, shelf, grid-frame, and wall-frame. Shelf cultivation, bags
and bottles are the most practiced methods of cultivation. The shelf cultivation
method is high production and low cost. As for the bag cultivation method,
spawns are placed in rows horizontally and at the top of the chamber. Plastic
bottle cultivation is more efficient within a small space while providing high

yield (Zmitrovich & Wasser, 2016).

Spawn bottles and bags were arranged vertically during spawn running and the
incubation temperature was set to 25°C and 90% relative humidity. The
optimum temperature for growth for Pleurotus tuber-regium was 30-35°C
(Manandhar, 2004), although the optimum temperature for Pleurotus spp

were generally between 21-25°C.
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Pleurotus spawn run usually lasts for 12- 26 days at 23-25 °C. The longest
maximum spawn run duration of P. pulmonarius was 25 days (Akinmusire et
al., 2011). The spawns were allowed to colonize the whole bottles or bags until
they became fully white and then transferred to the cultivation room. The
room was maintained at 15-23 °C with relative humidity of 85-95% with the
photoperiod of 12 hours per day of light intensity at 150-350 lux for
commercial cultivation (Kibar & Peksen, 2008). To improve the production of
oyster mushroom, supplementation of substrate with extra sources of
nitrogen is recommended. For its initial substrate colonization, Pleurotus
mushroom has a low nitrogen requirement (Naraian et al., 2009). P. tuber-
regium produces sclerotium beneath the soil and it’s considered a tuberous
mushroom (Bamigboye et al., 2019). The cultivation requirements for P. tuber-
regium are different from the others Pleurotus species, for example it requires
casing to produce high yield fruiting bodies. The sclerotium and fruiting bodies
of P. tuber-regium are a cheap protein source and highly nutritional (ljeh et al.,
2009). Various bagging cultivation systems have been tested (Mandeel et al.,
2005). For instance, by utilizing plastic bags it resulted in higher yield as
compared to methods such as racks, cylindrical bags, and trays (Jegadeesh et
al., 2018). By hanging these plastics bags in rows, the contamination level was

reduced while allowing for good air flow around the bags.

2.5 Biological efficiency and initiation of primordial

Generally, the primordial initiation occurs around 16 to 27 days after spawn
running (Owaid et al., 2015). Mature fruiting bodies can be observed within 3-
4 days after formation of the pinhead. The mature fruiting body will be
harvested, and the bed surfaces will be scraped to 1-2cm deep in preparation
for the second harvest. A similar procedure will also be performed for the third
harvest. The entire cropping cycle are usually completed within 50-55 days

(Jegadeesh et al., 2018).

The biological efficiency of a specific species varies in relation to the substrate

used. For example, the biological efficiency of was significantly higher when it
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is grown in composted sawdust with bran mixture as opposed to fresh sawdust
substrate for Pleurotus species (Ho et al., 2020) . As for the king oyster, P.
eryngii, the soybean substrate supplemented with sawdust or cottonseed hull
produced significantly higher fruiting bodies yield (Estrada & Royse, 2007). A
study on P. ostreatus using eight different alternate substrates has shown that
rice straw performed the best, producing about 50% of the biological efficiency

(Obodai et al., 2003).

2.6 Postharvest and processing of Pleurotus

The browning of Pleurotus species during postharvest is contributed by the
phenolic compound oxidation (Xiao et al., 2011). The naturally high moisture
content of fresh mushroom increases its risk of microbial contamination. As
such, they are easily perishable and unsuitable for long distance transportation
or prolonged storage. Only proper processing method can preserve and

increase the fresh mushroom shelf life.

The tried-and-true method of drying in preservation of food has been utilized
for years to improve shelf life (Oziinlii & Ergezer, 2021). The process of drying
ensures that the water activity of a specific food is minimized to ensure
physiochemical stabilization and reduction of microbial activities. The
microwave hot-air flow rolling dry-blanching (MARDB) pretreatment method
has been tested in P. eryngii. By using the optimal pretreatment parameters,
the MARDB method has significantly enhanced the quality of P. eryngii in
aspect of water, polysaccharide content, colour, while reduced the drying time
and completed deactivated the enzyme that contributed to browning such as

polyphenol oxidase and peroxidase (Su et al., 2020).

Another common method for postharvest processing of edible mushrooms is
the low-temperature storage. The reported shelf life of freshly harvested P.
ostreatus which were treated with low-temperature ranges from 8 to 11 days
at 0°C (Choi & Kim, 2002). Li et al., (2021) performed low-temperature storage

on Pleurotus tuoliensis at 4°C for 12 days and discovered that this temperature
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helped to maintain high phenolic content, nutritional quality, enzymatic

activity, and low membrane lipid peroxidation as compared to 25°C for 6 days.

Modified atmosphere packaging (MAP) is an effective and economical
postharvest processing method that is usually complemented with low-
storage temperature control method (Olveira-Bouzas et al., 2021). MAP uses a
mixture of gas in varying proportions such as carbon dioxide, nitrogen,
ethylene, and oxygen while controlling air pressure, humidity, and
temperature in the gas conditioning warehouse. This serves the purpose of
reducing the metabolic rate and inhibiting the cellular respiration for the
mushroom to maintain dormancy which helps in achieving long term
preservation (Loredana et al., 2023). A study on P. sapidus treated with varying
mixtures of gas demonstrated that a increased carbon dioxide packaging (HCP)
(20% CO2/ 15% 02) maintained its total phenolic content while retaining its
colour and odor as compared to low carbon dioxide packaging (2% CO2 / 30%

02) (Wan-Mohtar et al., 2019).

2.7 Taxanomy and diversity of Pleurotus spp

The morphology of Pleurotus species is inconsistent, depending on the climate
condition and types of substrates used during cultivation (Won-sik, 2004). As
such the phylogenetic and taxonomical identification can be difficult which
leads to misidentification. Not only that, geographic separation of the same
species also has differences in the isolates genetically (Stajic et al., 2005).
Various molecular techniques have been performed to elucidate the
taxonomical hierarchy and phylogenetic relationship of Pleurotus species (Barh
et al., 2019). Molecular approach like random amplified polymorphic DNA
(RAPD), internal transcribe spacer region (ITS), and restriction fragment length
polymorphism (RFLP) has been commonly used to identify Pleurotus species
(Adeniyi et al., 2018; Gupta et al., 2011; J. Li et al., 2017; Urbanelli et al., 2007).

The molecular identification of Pleurotus species is relevant as it serves as a
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requirement for commercial mushroom production and breeding programs

(Raman et al., 2021).

2.8 Species identification of Pleurotus mushrooms

Species identities are very important as this could help farmers in selecting the
species of interest for cultivation and selective breeding. Furthermore, most
regulators worldwide consider species identity as a crucial requirement for
goods manufacturing practice, to avoid mislabeling of commodities (Raja et al.,
2017). However, identification of Pleurotus mushrooms has been severely
restricted due to multiple reasons. Cultivated Pleurotus mushrooms have
principally been identified through their morphological traits such as colour,
length, thickness, shape, maturation duration and yield (Zervakis et al., 1994).
However, this method of species identification can often be unreliable due to
environmental conditions affecting most morphological traits, leading to
misidentification, and resulting in wrong taxonomic conclusion (Ravash et al.,
2010). Other than the fruiting bodies of Pleurotus, identification is also
challenging during the mycelia growth stage as the mycelia characteristic
between species are similar. It is also vital to identify the species at the mycelia
stage, as the mushroom growers can get an informed knowledge to decide on
which species to cultivate instead. Different species of Pleurotus will have
varying growth conditions, hence the mushroom growers can accommodate

the specific conditions for optimal growth of the specific species.

Consequently, DNA based identification has been established to differentiate
species of fungi. Fungal species classifications using DNA barcode is a
successful, effective, and reliable tool and can be utilized at any stage of
mushroom life cycle. Molecular techniques such as Amplified Fragment Length
Polymorphism (Urbanelli et al., 2007) and the small subunit rRNA have been

used to identify the mushroom species (Gonzalez & Labarére, 2000).

The requirement for an ideal DNA barcode is having a short sequence of the
candidate marker and high success rate of both amplification & sequencing

(Wang et al., 2019). Not only that, a high inter-specific variation and low intra-
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specific variation is also required in which this will create a “barcoding gap”
(Figure 2.10) with a discrete distribution and no overlaps (Hebert et al., 2003;
Lahaye et al., 2008).

intraspecific/ interspecific/
O coalescent u speciation
# barcoding
llgapll
B

A.

Figure 2.10 Schematic of the Inferred Barcoding Gap. Retrieved from

https://doi.org/10.1371/journal.pbio.0030422.002

2.8.1 Internal transcribed spacer

The internal transcribed spacer region (ITS) is an area of spacer DNA placed in
between a small subunit of ribosomal RNA and the large subunit of rRNA. ITS
region has the highest probability of successful identification for a wider span
of fungi species (Schoch et al., 2012). Even though a certain report claims that
ITS is not as powerful a tool to differentiate many fungal species that are
closely related (Kiss, 2012), it is still one of the most widely used DNA marker
due to its higher PCR amplification success rate. The main DNA barcode for
fungi is the ribosomal internal transcribed spacer (ITS), a highly variable region
between the conserved sequence of the small subunit, 5.8S, and large subunit
of ribosomal RNA which was developed by (Schoch et al., 2012). However, the
ITS region is still imperfect as this DNA barcode frequently failed to diffentiate

closely related fungal species (Schoch & Seifert, 2012).

2.8.2 Intergenic spacer

Other than ITS, another noncoding region namely intergenic spacer (IGS) is also

found in a few studies for species identification in fungi. IGS are highly variable
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DNA units which are found in between conserved sequences of 25S, 55 and
18S in the rRNA gene (Babasaki et al., 2007). IGS1 region is normally shorter
than 1GS2 and can be used easily for distinguishing species identity (Saito et al.,
2002). Both ITS and IGS are vital molecular markers for intraspecies
comparison within the same fungal genus and genetic polymorphism and

analysis of interspecies mutation (Bunyard et al., 1996).

2.8.3 Largest subunit RNA polymerase Il

The second largest subunit of RNA polymerase Il (rpb2) is a single copy gene
and an enzyme that transcribes the pre-messenger RNA (Matheny et al., 2006).
The rpb2 gene contains 12 conserved domains across kingdoms that are used
to design primers for PCR (Liu et al., 1999). Protein-coding gene regions such
as rpb2 often have an increased chance of accurate identification as compared
with ribosomal marker. The downside of protein-coding region is their low PCR
amplification rate and low sequencing success (Schoch et al., 2012). Studies on
fungi belonging to Cortinarius and Inocybe using rpb2 gene in combination
with other gene markers for phylogenetic analysis have been done (Frgslev et
al., 2005). Rpb2 has also been used in phylogenetic studies in Pleurotus eryngii
species complex, such as in combination with the translation elongation factor

(EFA1) and ITS (Zhao et al., 2016)

2.8.4 Combination of multiple gene marker

It’s doubtful that a single gene marker would be capable of identifying every
sample to the species level, given how the fungal kingdom’s age and genetic
diversity. Not to mention that all primers set have a range of biases, which
leads to the uses of more than one primer combination as an appropriate
solution (Bellemain et al.,, 2010). All marker groups success chance in
differentiation closely related species are relatively equal at approximately
70% and by utilizing more marker for each study, it would increase the average
delimitation success (Dupuis et al., 2012). Combination of ITS and IGS

sequence are recommended for phylogenetic analysis of Pleurotus as both
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these DNA presented enough variation between species, have distinct
sequence, provided simple amplification, and are located between ideal
conserved ribosomal gene (Avin et al., 2014). To overcome the issues of certain
markers as mentioned on the ITS and rpb2 section, combination of ITS, IGS1

and rpb2 for the phylogenetic analysis of Pleurotus genus will be evaluated.

2.8.5 Phylogenetic analysis

Phylogenetics is the study of evolutionary history and relationships of
organisms (Kakon et al.,, 2012). In molecular phylogenetic analysis, the
sequence of a common gene or protein can be used to determine the

evolutionary relationship among organisms.

Phylogenetic analysis aids in clarifying the taxonomical status of many
Pleurotus species and determine the names of the mushrooms accurately in
scientific literature (Bao et al., 2004). Baillingu, an oyster mushroom widely
cultivated in China, has its status elevated to an independent species from the

use of phylogenetic analysis (Zhao et al., 2016).
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2.8.6 Antioxidant, reactive oxygen species and antioxidant capacity

of Pleurotus mushroom

A biological antioxidant prevents the oxidation of significant biomolecules such
as DNA, protein, and fatty acids. Oxidation processes are caused by a reactive
oxygen species (ROS) (Halliwell & Gutteridge, 2007). ROS is a type of reduced
form of oxygen. As such, excessive amount of ROS or deficiency of antioxidant
can be damaging to biological functions and structures which is known as

oxidative stress (Beckman & Ames, 1998).

Certain ROS species have an unpaired electron particle in orbital which are
known as free radical. Some ROS that are considered non-radical such as
singlet oxygen and hydrogen peroxide, however their reactivity is still greater
than normal ground-state oxygen molecules, making them able to oxidize
important biomolecules on interaction. Various ROS possess important
physiological functions such as hydrochlorous acid in immune defense, nitric
oxide, which is a vasodilator and hydrogen peroxide plays important role in

intracellular signaling molecule (Wink et al., 2011).

The most popular antioxidant is ascorbic acid (commonly known as Vitamin C).
In fact, there are thousands of distinct antioxidants in plants and fungi such as
Vitamin E, a group of tocotrienols and tocopherols and large families of
carotenoids and flavonoids (Tam et al.,, 2005). These antioxidants work in
various mechanisms such as prevention of ROS generation, enzymes that
destroy ROS, reducing agents that “negate” free radical by electron or
hydrogen donation, while some absorb excess energy from ROS (Halliwell &

Gutteridge, 2007).

The exposure of continuous ROS on the human body has let us evolve an
effective antioxidant defense system to manage the threat of oxidation
(Benzie, 2003). However, even with our innate antioxidant defense, it is not
fully adequate and requires dietary input of antioxidants (Norat et al., 2014)
The main source of antioxidants in human diet are plant-based foods and

beverages such as vegetables, fruits, coffee, and tea (Benzie & Wachtel-Galor,
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2012). Mushrooms have become more attractive as functional food due to
their antioxidant properties and nutritional value which contain high proteins
and low-fat content (Reis et al., 2012). Bioactive compounds such as phenolics,
polysaccharides, ascorbic acid and tocopherols which contribute to
antioxidant activities are found in various parts such as fruiting bodies,
mycelium and culture in different mushrooms species. Proteoglycan extracted
from P. ostreatus have been found to exhibit antioxidant activities (Xia et al.,
2011) while ergothionine, an excellent antioxidant has been found in both
fruiting bodies and mycelia of multiple Pleurotus species (Chen et al., 2012).
Notably, edible mushrooms do not contain flavonoids, one of the secondary
metabolites related to plants that possess antioxidant capabilities. This is
because mushroom does not have the main enzyme in its metabolic pathway

to synthesize flavonoids (Gil-Ramirez et al., 2016).

The significance of antioxidant in food cannot be understated, hence multiple
techniques have been developed to determine the total antioxidant content in
food using the basic principles of measuring the reductive action of redox-
active antioxidants as they reduce a specific component. The antioxidant
activity can be determined using various spectrophotometric techniques such
as Folin-Ciocalteu method (Ainsworth & Gillespie, 2007), ferric reducing
antioxidant power (FRAP) (Benzie & Strain, 1996) and 2,2-diphenyl-1-
picrylhydrazyl (DPPH) assay (Blois, 1958). Depending on assay methods, the
activity of antioxidant varies, thus it is recommended to employ multiple
different methods for the determination of antioxidant activity (Schlesier et

al., 2002).
2.8.6.1 2,2- Diphenyl-1-picrylhydrazyl (DPPH) radical scavenging capacity assay

Goldschmidt & Renn, (1922) discovered the DPPH radical. Blois, (1958) would
eventually develop it as an antioxidant determinant in 1958. The DPPH radical
has a deep purple colour due to the unpaired electron absorbing at 517nm
(Gupta, 2015). During assay, another electron or hydrogen atom donated by
an antioxidant to the radical will transform DPPH into its reduced form. This

reaction would result in decolourization of deep purple into pale The
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decolourization over multiple different concentrations of the same sample
helps as an indicator of the sample antioxidant efficiency and can be reported
as EC50 value. The EC50 value is defined as the concentration of antioxidants
needed to decrease the starting DPPH concentration by 50% (Zhong & Shahidi,
2015).

2.8.6.2 Ferric lon Reducing Antioxidant Power (FRAP)

Developed by Benzie & Strain (1996), the Ferric lon Reducing Antioxidant
Power (FRAP) or originally known as ferric reducing ability of plasma, relies on
the reduction of complex ferric—tripyridyltriazine (Fe3*TPTZ) under acidic
conditions (pH 3.6) The final product is the ferrous complex [Fe>*TPTZ] which
has an intense blue colour which reads at absorbance of 593nm. FRAP assay
results are usually expressed as equivalent of Trolox, gallic acid, ascorbic acid,

or quercetin (Zengin et al., 2015).

2.8.6.3 Folin-Ciocalteu Assay for Total Phenolic Content

The most-established way to quantify phenolic content of a food or plant
samples is the Folin-Ciocalteu assay. This assay is a colourimetry method based
on single electron transfer reactions of the Folin-Ciocalteu reagent and the
innate phenolic compounds in the samples (Sanchez-Rangel et al., 2013). The
electron reduction capacity of a phenolic radical is less than an oxygen radical,
making phenolic compound a good oxygen radical scavenger. The Folin-
Ciocalteu assay is rapid, reproducible, easy to perform and can test multiple
samples at a time. Not only that, but there is also a direct correlation between
antioxidant activity and phenolic content (Bastola et al., 2017). Folin-Ciocalteu
(FC) reagent is widely commercially available and comes in a strong yellow
colour. The reaction of phenolic compound and FC reagent occurs under
alkaline condition which is aided by the addition of sodium carbonate. The
phenolic proton dissociates under alkaline (pH 10) to form phenolate ion that

will reduce the FC reagent from strong yellow into blue colour The final
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absorbance reading will be taken at 765nm using a spectrophotometer and

gallic acid is the most used standard for this assay (Aktumsek et al., 2011).

2.8.7 Nutritional value of Pleurotus

Pleurotus flavour and aromas characteristics depend on the composition of
amino acids, lactones, terpenes, and carbohydrates (Smiderle et al., 2012). The
highly popular P. ostreatus is normally used stirred fried recipe and in
preparation of soups. P. eryngii is ideal for vegetarian dishes and being
prepared and served in multiple ways such as boiled, stewed, braised, or grilled
(Reis et al., 2012). Proteins found in mushrooms contain all the essential amino
acids which are necessary for human diet, which are suitable as meat
substitute as well (Kakon et al., 2012). Not only that, due to Pleurotus cell wall
constitute mainly of chitin, it’s a great source of dietary fiber with considerable
number of vitamins including ascorbic acid, thiamine, riboflavin and

ergosterine (Maftoun et al., 2015).

Pleurotus spp fresh fruiting bodies usually have 85-90% of moisture content
(Khan & Tania ,2012). The moisture content of a mushroom also varies
depending on the species, growth, harvest, and storage conditions (Reis et al.,
2012). The nutritional composition of major species of Pleurotus for
carbohydrates ranges from 85 — 88%, protein contents ranges from 0.9 — 2%,
lipid contents ranges from 0.8-9.6 %, fibers content ranges from 2-3 % and ash
content ranges from 1 -2 % (Atri et al., 2013). However, a review of Pleurotus
from Khan & Tania (2012) has found a more varied results of the nutritional
value in which the carbohydrates values from 36 — 60%, lipids content from

0.2% to 8 % and proteins from 11 to 42%.

2.8.8 Proximate analysis

Pleurotus mushroom as food product requires nutritional analysis as part of
the nutritional labelling, development of food product, quality management,

and/or research program to measure its composition and to ensure the safety
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and quality (Nielsen, 2017). The proximate composition is moisture, lipid, ash,

and protein which are the contents of food macro components.

The moisture in food is vital as it can influence food quality, cost of shipping
and consistency in expressing other analytical results on dry weight basis
(Pomeranz et al., 1994). The most common method for moisture analysis is
forced draft oven drying. The water evaporates from the sample by heating
the sample in an oven usually at 100°C, with the calculated weight loss equal
to the moisture content. While forced draft oven is simple for large samples
number and official method for moisture analysis of food, it is often time
consuming which can take up to 24 hours. A swifter method, namely the rapid
moisture analyzer technology (Figure 2.15), is currently being used by the food
industry. This technology utilizes two different heating elements which are
ceramic and halogen heaters. While being rapid, it is also sensitive which can
detect moisture levels of 50 ppm up to 100% of the sample weights of 150mg
to 55g. Placing the food sample on a filter paper or aluminum pan with the
heating controls increase up to 200°C, helps to raise the food sample to a
constant temperature. With the moisture evaporation, the analyzer

automatically weighs and calculates the percentage of solid.

Ash, the second macro component of proximate analysis is the total mineral
content in a food product. Ash content is the inorganic residue formed from
the process of either ignition or full oxidation by an organic matter of a food.
The few commons methods of ash content determination are by dry or wet
techniques (Nielsen, 1998). Firstly, the dry ashing method requires the food
sample to be placed in a crucible and heated in a muffle furnace at 500 -600°C.
The high temperature burns all the organic materials, only the inorganic
materials remain to be quantified. This procedure is easy and has high
throughput, however it is time-consuming, taking up to 18 hours for full
incineration. Secondly, the wet ashing method uses acids and/or oxidizing
agent to oxidize the organic matter of a food sample. By using the wet liquid
process, high temperature is not necessary. This method is suitable for analysis
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of specific minerals, as there is minimum or no loss from volatilization. The
disadvantages of wet ashing are it requires constants attention from the
operator, a small number of samples can be processed at a time and a fume

hood is required as the reagents are usually corrosive.

Lipids in food are a variety of soluble compounds in organic solvents while only
rarely soluble in water. Lipid analysis commonly uses solvent extraction
methods. The Soxhlet method developed by Franz Ritter von Soxhlet in 1879
(Zygler et al., 2012), a semicontinuous technique utilizes a solvent such as

petroleum ether which are boiled in a round bottom flask.

The other food macro component in proximate analysis is protein content.
Protein content analysis is vital for assessment of nutritional value, nutritional
labelling and for isolation and purification purposes. The most popular method
of protein analysis based on nitrogen content is the Kjedahl method. This
method utilizes sulfuric acid supplement with catalyst to extract nitrogen
contents from the food samples. The nitrogen is converted to ammonium
sulfate and neutralized with alkali and finally distilled with boric acid solution.
The boric anions formed from the distillation are then titrated with a
standardized acid until a specific pH or a colour is obtained. The nitrogen
content of the sample is based on the volume of standardized acid used in
titration. Kjedahl method has been as official methods for crude protein

content determination for years (Abrams et al., 2014).

2.8.9 High throughput transcriptomics sequencing

The total RNA in a living organism is defined as whole transcriptome (Pereira
et al., 2017). To aid in the study of massive gene expression profiling, high
throughput sequencing technology such as RNA-sequencing analysis is
available in the modern day. Due to is high accuracy, sensitivity, and
reproducibility, RNA-seq is very popular as a tool for whole transcriptome
studies as compared to microarray. RNA-seq works by the sequencing of
complementary DNA which were reverse transcribed originally from RNA of

the organisms of interest. Once the sequencing is complete, it can be used to
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guantify the level of gene expression (Wang et al., 2009). The RNA-Seq
technology is flexible as it can be used with or without a reference genome in
which the case of without a refence genome, a de novo assembly must be
conducted prior. Not only that, RNA-seq sensitivity is an advantage in terms of
detection of novel genes and splice variants (Conesa et al., 2016). RNA-Seq
workflow includes cost estimating, samples preparation, cDNA library
construction, the whole sequencing and lastly data analysis (Kukurba &
Montgomery, 2015). There are multiple options to be considered before
initiating an RNA-seq workflow including the selection of sequencing platform
such as lllumina or lon Torrent, the number of replicates involves, the
sequencing depth and coverage, the read length and the library preparation

methods (Conesa et al., 2016)

2.8.10 Reverse transcription quantitative real time polymerase

chain reactions (RT-qPCR)

Reverse transcription real time quantitative polymerase chain reaction (RT-
gPCR) is commonly used as a validation tool for the results generated by RNA-
Seq. By using RT-gPCR, the relative gene expression of a gene of interest can
be quantified and compared against the log2fold change of the RNA-seq
results. To perform RT-gPCR, total RNA from the organisms of interest is
extracted and used as the template to convert into cDNA using an enzyme
called reverse transcriptase. Once the cDNA is ready, it is used as a template
for qPCR in which amplification of the cDNA is measured in real time and the
endpoint of the amplification is identified (Bustin, 2000). The endpoint is
identified by the threshold cycle value which the fluorescent signal crosses a

set threshold.

The RT-gPCR studies performed in this research project will follow the
Minimum Information for Publication of Quantitative Real Time PCR

Experiment (MIQE) guidelines (Bustin et al., 2009).
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Chapter 3: Molecular identification and phylogenetic

studies of Malaysian Pleurotus species.

3.1 Introduction

Defining the species belonging to the Pleurotus genus can be challenging
because of their similarity in their morphological traits such as colour and the
shape of cap, particularly in cases involving species complexes such that exist
in P. eryngii (Shnyreva & Shnyreva, 2015). The appearance of the fruiting body
of oyster fungi can vary greatly when grown under different cultivation
conditions (Avin et al., 2014). As a result, the traditional approach of defining
edible mushrooms based on their physical characteristics is losing relevance to

some degree, while molecular analysis techniques are gaining more popularity.

The internal Transcribed Spacer (ITS) region is the most used genetic marker
for identifying mushrooms species and utilized in phylogenetic analysis of fungi
(Schoch et al., 2012). It is located between the small and large subunits of the
ribosomal RNA gene in the fungal genome. Additionally, the intergenic spacer
(IGS1) region from the ribosomal RNA was also utilized in pair with ITS region
to elucidate P. eryngii species complex across geographic distribution in a
phylogenetic analysis (Zervakis et al., 2014). Not only that, the gene encoding
second largest subunit of RNA polymerase Il (rpb2) have been found useful in
differentiation among closely related species in the order Agaricales (Frgslev
et al.,, 2005). The rpb2 gene has also been used in the elucidation of
phylogenetic relationship of P. eryngii (Estrada et al., 2010). The necessity of
using multiple gene markers for the studies of phylogenetics is due to the lack
of genetic makeup variation in the ITS region, hence it is not suitable for

complete phylogenetic studies within species (Ro et al., 2007).

The main objective of this chapter is to identify the species of 30 unidentified
Pleurotus samples from MARDI's mushroom bank and determine their

phylogenetic relationship. The specific objectives include: -
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1. To develop new DNA barcode genetic markers for identification of
Pleurotus species.

2. To identify the species of cultured Pleurotus using a combination of
three newly developed genetic markers.

3. To determine the phylogenetic relationship between the identified

Pleurotus species.
3.2 Materials and Methods

3.2.1 Pleurotus mycelia culture

Thirty mycelia culture were provided by MARDI (Sepang, Malaysia) and used
in this study. Initial Pleurotus inoculum was obtained from an original petri dish
stock with a cutout of the inoculum of 8mm x 8mm dimension. The cutout of
the inoculum was placed on a fresh potato dextrose agar (PDA) for two weeks
at 25°Cin the dark. Mycelia were scrapped out gently using sterile spatula and

stored in a glass bottle at -20°C freezer until further processing.

3.2.2 DNA extraction of Pleurotus mycelia

DNA extractions were performed using Promega Wizard Genomic DNA
Extraction kit (Promega, United States) according to the manufacturer’s
protocol. A total of 40 mg of cryogenically grounded fine powdered Pleurotus
mycelia was used. The next step involves addition of 600 pl of Nuclei Lysis
Solution, vortexing for 3 seconds and incubation at 65 °C for 15 minutes. After
incubation, 3 pl of RNase solution was added to the lysate and mixed by
inversion 5 times. The mixture was incubated at 37°C for 15 minutes to allow
for RNAse activity. Before moving forward to the next step, the samples were
allowed to cool for 5 minutes at room temperature. Next, a total of 200 ul of
Protein Precipitation Solution was added and vortex vigorously at high speed
for 20 seconds. After protein precipitation step, the lysate was centrifuged at
16,000 RCF for 3 minutes to pellet the unwanted products through removing
the supernatant carefully. Addition of 600 pl of room temperature isopropanol
into the supernatant and gently mixing by inversion helps in the formation of

thread-like DNA strand. The DNA strands are pelleted by another
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centrifugation step at 16,000 RCF for 1 minute. The supernatant was carefully
removed and 600 pl 70% ethanol was added to the DNA pellet to wash it by
gently inverting the tube multiple times. Centrifugation steps at 16,000 RCF for
1 minute were repeated. The supernatant is once again carefully removed by
using pipette while avoiding aspirating the loose DNA pellet. The tube
containing the DNA pellet was inverted onto a clean absorbent paper to air-
dry for 15 minutes. After air-drying, 100 ul of DNA rehydration solution were
added and incubated at 65 °C for 1 hour. During the incubation, the solutions
were mixed periodically by gently tapping. DNA concentrations were
determined using Epoch Microplate Spectrophotometer (Agilent, United
States). DNA solutions were then diluted to 50 ng/ul with sterile water for

standardization of protocol and stored at -20°C until further used.

3.2.3 PCR amplification ITS, IGS1 and rpb2 genes

BIOTAQ PCR kit (Meridian Bioscience, US) was used to carry out PCR reaction.
Reaction mixture (50 ul) contained 5 ul of 10X NH4 Reaction buffer, 2.0 pl of
50mM MgCl; solution, 5.0 pul of 100mM dNTP mix, 1.0 ul of BIOTAQ DNA
polymerase (2U), 1.0 pl of 10uM each primer, 3 pul of DNA template (150g) and
33 ul of sterile water. PCR cycling was done in a Biorad T100 Thermal Cycler
(Biorad Laboratories, USA). Three primers sets were used to amplify the gene
of interest as listed in Table 3.1. These primers were designed using Primer
Premier software (Premier Biosoft, US). ITS sequence was designed based on
NCBI accession AY450345.1, IGS1 based on AB234031.1 and rpb2 based on
JQ513872. PCR cycle conditions for ITS amplifications were 94°C/3min; 30
cycles of 94°C/45sec, 56°C/30sec, 72°C/1min; and final extension step of
72°C/10min. PCR cycle conditions for IGS1 amplifications 94°C/3min; 30 cycles
of 94°C/45sec, 64°C/30sec, 72°C/1min; and final extension step of 72°C/10min.
PCR cycle conditions for rpb2 amplifications were 94°C/3min; 30 cycles of
94°C/45sec, 54°C/30sec, 72°C/1min; and final extension step of 72°C/10min.
PCR products were then visualized and verified using gel electrophoresis in 1%
agarose gel stained with 3 ul RedSafe (Intron Biotechnology, US). DNA loading
buffer (6X) of 1 ul plus 5 pl PCR product were loaded on the gel and
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electrophoresed for 60 min at 80 V. The successful PCR products were then

sent to 1t BASE (Apical Scientific, Malaysia) for Sanger sequencing.

Table 3.1 List of primers and their respective sequence

Marker  Forward primer (5’ to Reverse primer (5’ to 3’) Amplico

3’) n size
(bp)
ITS TATGGAGTTGTTGCTGGC  CTTGTTCGCTATCGGTCT 935

IGS1  CGGTAGAGTAGCCTTGTT  GTGCTTTCAGAGTCCTATG 719
G G

rpb2 CAGGTGCTTAATCGCTAC  AGGAAGTTGGTCAGGAAG 946
A A

3.2.4 Sequence data analysis, BLAST search and phylogenetic

analysis

Sequences chromatograms obtained from Sanger sequencing were visualized
and edited using Mega version 7.0 software. Sequences alignments were done
using MUSCLE algorithm (Edgar, 2004) in MEGA (7.0) and manually trimmed.
Aligned and trimmed sequence for a specific sample were then subjected to
BLAST enquiry to determine the species. Alignment was performed separately
for ITS, IGS1 and rpb2. Data retrieved from GenBank (accession number
AY450345.1 (ITS), AB234030.1 (IGS1) and JN126371.1(rpb2)) were included in
the alignment as an outgroup. Phylogenetic reconstruction of ITS, IGS1 and
rpb2 were performed based on the Maximum Likelihood method (Kumar et
al., 2016) in MEGA (7.0). The analysis confidence was assessed by bootstrap

test with 1000 replications.
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3.3 Results

3.3.1 PCR Amplification and Sanger sequencing

In this study, ITS, IGS1 and rpb2 were used as the biomarker for species
identification. The species of the samples were confirmed only when all 3
markers portrayed consistent identification. Among the 30 Pleurotus mycelia
isolates, 16 isolates were identified as Pleurotus pulmonarius, 8 isolates were
identified as Pleurotus eryngii while the identity of 6 samples could not be
confirmed due to a few unresolved issues including the presence of mixed
trace in the sequencing data and contradicting findings among the 3 markers.
Mixed trace refers to the sequencing trace with more than two peaks at the
same location which causes ambiguous base calling. The presence of mixed
trace impeded the alignment of align forward and reverse sequences, thereby
disabling the alignment to the marker sequences. In samples such as MP25,
mixed trace was detected only for IGS1 while for other samples such as MP37
and MP29, the issue persisted in all 3 marker sequences. In another scenario,
the sequencing data of MP6 was successfully aligned in BLAST but to different
species. The contradicting results between ITS/rpb2 and IGS1 rendered the
available data unreliable to conclude the species type. Table 3.2 shows the
overall data for all the isolates and BLAST results from each marker gene.
Appendix 1 —Table 1, Table 2, and Table 3 shows the detailed results for each
marker genes for % identity, size of sequence compared and accession
number. Figure 3.1 shows the PCR amplicon size of ITS, IGS1 and rpb2 marker

gene.
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Figure 3.1 Gel electrophoresis image of random samples a) ITS and rpb2 marker
gene for MP12, MP25 and MP51 with negative control, b) IGS1 marker gene for

MP20, MP31, MP50 with negative control.
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Table 3.2 Identification of Pleurotus species based on BLAST results from the

aligned sequence of each marker gene.

BLAST results

Number Sample ID ITS IGS1 rpb2
1 MP5 P. eryngii P. eryngii P. eryngii
2 MP11 P. eryngii P. eryngii P. eryngii
3 MP14 P. eryngii P. eryngii P. eryngii
4 MP16 P. eryngii P. eryngii P. eryngii
5 MP22 P. eryngii P. eryngii P. eryngii
6 MP27 P. eryngii P. eryngii P. eryngii
7 MP30 P. eryngii P. eryngii P. eryngii
8 MP50 P. eryngii P. eryngii P. eryngii
9 MP2 P. pulmonarius P. pulmonarius P. pulmonarius
10 MP9 P. pulmonarius P. pulmonarius P. pulmonarius
11 MP12 P. pulmonarius P. pulmonarius P. pulmonarius
12 MP24 P. pulmonarius P. pulmonarius P. pulmonarius
13 MP25 P. pulmonarius P. pulmonarius P. pulmonarius
14 MP28 P. pulmonarius P. pulmonarius P. pulmonarius
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15 MP31 P. pulmonarius P. pulmonarius P. pulmonarius
16 MP34 P. pulmonarius P. pulmonarius P. pulmonarius
17 MP35 P. pulmonarius P. pulmonarius P. pulmonarius
18 MP36 P. pulmonarius P. pulmonarius P. pulmonarius
19 MP41 P. pulmonarius P. pulmonarius P. pulmonarius
20 MP42 P. pulmonarius P. pulmonarius P. pulmonarius
21 MP43 P. pulmonarius P. pulmonarius P. pulmonarius
22 MP51 P. pulmonarius P. pulmonarius P. pulmonarius
23 MP52 P. pulmonarius P. pulmonarius P. pulmonarius
24 MP53 P. pulmonarius P. pulmonarius P. pulmonarius
25 MP1 Mixed trace P. ostreatus P. ostreatus
26 MP3 P. ostreatus P. ostreatus Mixed trace
27 MP6 P. ostreatus P. pulmonarius P. ostreatus
28 MP20 P. ostreatus P. eryngii Mixed trace
29 MP29 Mixed trace Mixed trace Mixed trace
30 MP37 Mixed trace Mixed trace Mixed trace
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3.3.2 Assessment of barcoding gaps and Inter- and intra-specific

variations of Pleurotus

The three main criteria for a perfect DNA barcode are short sequence, high
success rate for amplification and sequencing, and lastly it has high
interspecific variation and low intraspecific variation. With these criteria, there
will be a discrete distribution with no overlap in the DNA barcode that is known

as a barcoding gap (Figure 2.10) (Hebert et al., 2003; Lahaye et al., 2008).

A frequency distribution graph was generated from the pairwise genetic
distance in MEGA?7 to determine the inter- and intra-specific distance. In all
three DNA barcode tested, there is no visible overlap in the frequency
distribution (presence of barcoding gap) (Figure 3.2,3.3,3.4). This result shows
that three of the DNA barcodes have a distinct gap between the inter- and
intra-specific variation, which satisfied the criteria for being ideal. The
differences in genetic distance between inter- and intra-specific is the largest

in rpb2 region followed by IGS1 and lastly ITS.
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The pairwise intra- and interspecific distance in the three DNA barcodes were
shown in Table 3.3. The mean interspecific distance of ITS is 6x greater than its
mean intraspecific distance. As for IGS1, its mean interspecific distance is 9.2x
greater than its mean intraspecific distance. The rpb2 barcode mean
interspecific distance is 5x greater than its mean intraspecific distance. All
three DNA barcodes have higher mean interspecific distance as compared to
their mean intraspecific distances. This shows that all three barcodes satisfy
one of the criteria for being an ideal barcode. As rpb2 (0.0709) shows the
higher value differences between mean intra- and interspecific variation, it has
an excellent potential for species-level identification as compared to ITS

(0.0142) and 1GS1 (0.0326).
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Table 3.3 Genetic distance percentage generated using Kimura 2-parameter

model analysis for the candidate DNA barcode.

Intraspecific distance (%)

Interspecific distances (%)

Barcode Min Max Mean Min Max Mean
ITS 0.0000 0.0068 0.0028 0.0110 0.0240 0.0170
IGS1 0.0019 0.0057 0.0040 0.0197 0.0468  0.0366
rpb2 0.0007 0.0498 0.0178 0.0514 0.1111  0.0887
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3.3.3 Phylogenetic analysis of Pleurotus spp

The first phylogenetic tree that was constructed was based on the ITS
sequence of the 24 samples (Figure 3.5). The resulting tree is divided into three
major clades, namely P. pulmonarius and P. eryngii with P. ostreatus isolate
6689 sequences retrieve from NCBI GenBank as an outgroup. All 16 P.
pulmonarius are located under one clade with no branch, suggesting that all P.
pulmonarius are of the same variant. P. eryngii clade are further subdivided
into three branches, suggesting that there is three variants of P. eryngii out of
the eight isolates. All the branches shown have a bootstrap value of above
70%, meaning these clades has a 95% probability that is reliable (Hillis & Bull,
1993).
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Figure 3.5 Phylogenetic tree of 24 Pleurotus sample constructed based on ITS
gene sequence and constructed with the Maximum Likelihood algorithm
(MEGA 7). Sequence of AB234030.1 (Pleurotus ostreatus isolate 6689) were
downloaded from NCBI GenBank as outgroup. Numbers of the branches

indicate bootstrap value with 1000 replications.
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The second phylogenetic tree was constructed based on the IGS1 sequence of
24 samples (Figure 3.6). The P. pulmonarius and P. eryngii branches into two
major groups clades, very similar to phylogenetic tree based on ITS sequence.
However, the P. pulmonarius group further subdivided into three clades, with
the bootstrap values of 21%, 21% and 44% respectively. The bootstrap values
were lower than 70%, suggesting that these clades were not reliable and all
the P. pulmonarius samples were the same variant as the ITS phylogenetic tree.
As for P. eryngii clade, it was subdivided into three branches, with one low
bootstrap value of 67% on the clade with MP16, MP27 and MP30. Like the
aforementioned explanation, the clade with lower than 70% is not reliable,
hence MP16, MP27 and MP30 should have been grouped with MP5. The P.
eryngii part of the IGS phylogenetic tree differs from ITS part of phylogenetic
tree in terms of number of clades and sample placement within the clades
once the bootstrap value was considered. For example, ITS tree has three
clades while 1GS1 has two clades, and MP14 and MP50 belongs in the same
clades in ITS tree while MP14, MP50, MP22 and MP11 were grouped up in the

same clade in IGS1 tree.
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Figure 3.6 Phylogenetic tree of 24 Pleurotus sample constructed based on IGS1
gene sequence and constructed with the Maximum Likelihood algorithm
(MEGA 7). Sequence of AB234030.1 (Pleurotus ostreatus KBPO2) were
downloaded from NCBI GenBank as outgroup. Numbers of the branches

indicate bootstrap value with 1000 replications.
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The third phylogenetic tree constructed was constructed based on rpb2
sequence of 24 Pleurotus samples (Figure 3.7). The P. pulmonarius clade is
subdivided into two branches, with one branch having low bootstrap value of
61%, also suggesting that it is unreliable as explained previously. The P. eryngii
clade are subdivided into two branches with one branch having 98% bootstrap
value, indicating it is reliable. The P. eryngii clade in rpb2 tree is similar to the
IGS1 tree while different from ITS tree where the P. eryngii groups into 3
branches. Overall, all three phylogenetic based on ITS, IGS1 and rpb2 confirms
that all 16 P. pulmonarius were of the same variant/strain while there is

discrepancy between ITS vs IGS1/rpb2 in P. eryngii.
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Figure 3.7 Phylogenetic tree of 24 Pleurotus sample constructed based on
RPB2 gene sequence and constructed with the Maximum Likelihood algorithm
(MEGA 7). Sequence of JN126371.1 (Pleurotus ostreatus JZB2101007) were
downloaded from NCBI GenBank as outgroup. Numbers of the branches

indicate bootstrap value with 1000 replications.
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3.3.4 Comparison of identified isolates with external database from

MARDI.

In MARDI, most of the samples were deposited into their mushroom bank
collection with minimal information. Although the colour of mushroom cap for
most of the samples was also recorded, this did not allow proper identification
of the mushroom. Based on the findings from this study, the samples were
reclassified into three groups according to the identified species, namely P.
pulmonarius (Table 3.4), P. eryngii (Table 3.5) and others (Table 3.6). All five
samples which had been named as P. sajor-caju previously were identified as
P. pulmonarius. Likewise, all three samples which had been named as P. florida
previously, except for MP6, were identified as P. eryngii whereas all five
samples identified as P. eryngii previously were indeed true according to our
findings. Among the six samples that could not be identified, one was
previously recorded as P. florida, one as P. nebrodensis and no identification

was available for the remaining four samples.

Table 3.4 List of samples identified as Pleurotus pulmonarius compared with

the database provided from MARDI.

Sample MARDI database Cap colour
record
MP2 N/A N/A
MP9 P. sajor-caju grey
MP12 N/A N/A
MP24 N/A grey
MP25 N/A N/A
MP28 N/A N/A
MP31 N/A N/A
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MP34 N/A grey

MP35 N/A N/A
MP36 N/A grey
MP41 P. sajor-caju grey
MP42 N/A grey
MP43 N/A grey
MP51 P. sajor-caju grey
MP52 P. sajor-caju grey
MP53 P. sajor-caju grey

N/A represents missing information for the respective sample.

Table 3.5 List of samples identified as Pleurotus eryngii compared with the

database provided from MARDI.

Sample MARDI database record Cap colour
MP5 P. eryngii white
MP11 P. eryngii N/A
MP14 P. florida white
MP16 P. florida white
MP22 P. eryngii N/A
MP27 P. eryngii N/A
MP30 P. eryngii N/A
MP50 P. florida white

N/A represents missing information for the respective sample.



Table 3.6 List of samples with ambiguous identity as compared with the

database provided from MARDI.

Sample MARDI database record Cap colour
MP1 N/A N/A
MP6 P. florida white
MP3 N/A N/A
MP20 P. nebrodensis N/A
MP29 N/A white
MP27 N/A white

N/A represents missing information for the respective sample.
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3.4 Discussion

In this study, ITS, IGS1 and rpb2 were used as the biomarker for species
identification. The species of the samples were confirmed only when all 3
markers portrayed consistent identification. Among the Pleurotus mycelia
isolates, 16 isolates were identified as Pleurotus pulmonarius, 8 isolates were
identified as Pleurotus eryngii while the identity of 6 samples could not be
confirmed due to a few unresolved issues including the presence of mixed
trace in the sequencing data and contradicting findings among the 3 markers.
The two major species identified are P. pulmonarius and P. eryngii. P.
pulmonarius have very similar morphology characteristic with P. ostreatus
(Figure 2.2) and P. populinus (Figure 2.4), making these species difficult to
distinguish. P. pulmonarius are usually flat in shape, short stemmed and have
light beige to light brown colour depending on the incubation temperature

(Figure 2.1)

Commonly known as the king oyster mushroom, P. eryngii originated from
Europe (Vilgalys & Sun, 1994). Its natural habitat is the dead roots of the weed
Eryngium campestre. The king oyster mushroom are the only group in the
Pleurotus genus to be growing in association in living plants. P. eryngii belong
in a species-complex which are poor parasites on roots and stem of umbellifers
(Zervakis et al., 2001). Usually, P. eryngii is named together with its specific
host plant, eg. P. eryngii var eryngii and P. eryngii var ferulae. While P. eryngii
is distinct in terms of morphology as compared with other species of Pleurotus,
the morphology of different variant of P. eryngii species complex is similar
(Urbanelli et al., 2007). P. eryngii are large with thick white stem and grey-

brown cap (Figure 2.3).

While most of the isolates being successfully sequenced and identified, some
isolates such as MP1, MP29 and MP37 produced mixed trace during
sequencing. The resulting chromatogram data has a lot of noise in it, rendering

the data unreadable, hence the species of the isolate could not be identified.
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This occurrence might be due to direct sequencing of diploid alleles that
contains heterozygous insertion/deletion (Sousa-Santos et al., 2005). Another
reason for mixed trace is existence of microsatellite repeats of A and T base
pairs in the sequence. One of the methods to solve the mixed trace issue would
be to perform gel purification of the PCR product and sequencing the DNA
from individual gel band. However, the downside of this method is it requires
more sequencing reactions and less sensitive as some PCR products might not
be visible under agarose gel (Tenney et al., 2007).. According to Chapter 2.2, a
monokaryon mycelium only contains a single nucleus (n) in each cell while a
dikaryon possesses two genetically different nuclei (n+n) in each hyphae (one
from each monokaryon). With the two different nuclei, the PCR product will
be derived from two different sequences, hence resulting in mixed trace in the

chromatogram.

Based on all three constructed phylogenetic trees, all sixteen P. pulmonarius
should be the same variant. Based on the three clades of P. eryngii in ITS and
two clades of P. eryngii in IGS1 and rpb2 phylogenetic tree, this suggests that
the P. eryngii in this study have about two to three different variants. P. eryngii
are known for having several varieties in its species complex such as var.
eryngii, var.ferulae and var. elaeoselini (Estrada et al., 2010). The idea of a
"species complex" is frequently utilized in the field of mycology to describe
species that are closely related and have complete or partial intercompatibility
(Bao et al., 2004). Zervakis et al. (2001) state that within the natural
environment, P. eryngii act as facultative biotrophs, forming associations with
certain genera from the Apiaceae (Umbelliferae) and Asteraceae (Compositae)

families.

One of the major differences between all three of the trees constructed is that
the P. ostreatus outgroup is different from ITS tree as compared to the
IGS1/rpb2 tree. For the ITS tree, it’s shown that the P. ostreatus share a
common ancestor with P. pulmonarius while for IGS1/rpb2 tree, P. ostreatus
share a common ancestor with P. eryngii. The three P. ostreatus sequence for

outgroup were obtained based on the most similar sequence in BLAST with
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their respective gene. Additionally, all these three P. ostreatus DNA sequences
are from different studies with different strains and origins. Hence, this might
cause the discrepancy result between the three trees. The most valuable
information that can be added in is all three gene sequence from the same P.
ostreatus. Logically, as P. ostreatus are very similar with P. pulmonarius in
terms of morphology, the ITS Tree should be the most accurate. However,
some studies have concluded that ITS gene marker is more suitable to be used
to compare between genus, such as comparing Lentinus and Shitake with
Pleurotus, rather than comparing between closely related species such as in
this case (Avin et al., 2012). The usage of different combination of gene marker
has been used in multiple studies to construct a better resolution phylogenetic

tree (Avin et al., 2014; Estrada et al., 2010)

Interestingly, by comparing the data with the external database provided by
MARDI, there’s a trend observed. In Table 3.4, all the samples that are
identified as P. pulmonarius are mostly considered as P. sajor-caju by MARDI.
A study by Li & Yao, (2005), has concluded that P. sajor-caju should be renamed
to P. pulmonarius instead due to morphological and microscopic traits. All the
P. pulmonarius identified are mostly grey in colour according to the database.
As for Table 3.5, 5 out of 8 samples are considered as P. eryngii by MARDI,
which agree with our findings. However, three remaining samples, MP14,
MP16 and MP50 were considered as P. florida by MARDI. P. florida have very
similar sequence with P. ostreatus in their mitochondrial sequence (Gonzalez
& Labareére, 2000). Based on the three phylogenetic trees in the results section,
MP14, MP16 and MP50 are not close to P. ostreatus reference sequence and
are grouped together in the P. eryngii clade. This could probably be
misidentification by the MARDI side. However, without morphological data,
comparing solely with phylogenetic and sequence data will not be sufficient to
confidently conclude the species identity and its relative position in the

phylogenetic tree.
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The most vital consideration for determining optimal DNA barcodes are a high
rate of amplification and sequencing while the barcode needs to have
significantly greater mean inter-specific variation than mean intra-specific
variation (Wang et al., 2019). This study has shown that the ITS region has
achieved all three requirements for an optimal barcode, which are high success
rate of amplification and sequencing, and having greater mean inter-specific
variation than mean intra-specific variation among the two Pleurotus species.
IGS1 region has the high success amplification rate and higher differences in
mean intra/inter-specific variation than ITS, however all IGS1 PCR products
produced multiple bands on agarose gel due to non-specific binding, making
IGS1 region less optimal as a DNA barcode. The rpb2 region also has the highest
differences in the mean intra/inter-specific variation as compared to ITS and
IGS1. The only flaw with the rpb2 region is the presence of non-specific binding
after PCR amplification in isolate MP3 which was identified as P. ostreatus,
suggesting that the rpb2 region may not be suitable to be used for P. ostreatus

identification.

ITS region has been suggested as the universal barcode for fungi (Schoch et al.,
2012). This is because ITS region can be found in several chromosomes and
exists in thousands of copies in tandem repeats, which leads to its ease of
amplification (Ali et al., 2014). Not only that, several other fungi from the group
Agaricales such as the genus Cortinarius (Liimatainen et al., 2014) and the
family Lyophyllaceae (Bellanger et al., 2015) have shown that ITS region is the
most suitable DNA barcode due to its clear barcoding gap between
interspecific and intraspecific variation. Based on the phylogenetic tree
analysis of ITS region in Figure 3.4, all three Pleurotus species have high
bootstrap support (>88%). The result from this study shows that ITS is a better
barcode as compared to IGS1 and rpb2. However, whether ITS is less effective
in distinguishing closely related species proves that more studies are required
in this subject matter. In conclusion, this study has successfully used a
combination of DNA barcodes to identify 24 Pleurotus isolates and elucidate

its relation through construction of phylogenetic tree. The identification of
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Pleurotus is vital not only for breeding and economic purposes (He et al., 2017),

but also for labelling of samples for subsequent future research.
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Chapter 4: Antioxidant activities, proximate analysis, and

biological efficiency of Pleurotus species in Malaysia

4.1 Introduction

Edible mushrooms are known for its health benefits due to it bioactive
properties contributed by the antioxidant and phenolic contents innate to the
mushroom. With this, there were numerous research conducted to investigate
the antioxidant properties of edible mushrooms including Oyster mushroom.
Nutritional analysis is also vital as this helps to commercialise an edible
mushroom as a food product (Nielsen, 2017). Prices of edible mushrooms are
usually determined by their weight (Jeznabadi et al., 2016). With this in mind,
the edible mushroom strain that can produce more fruiting body in a shorter
cultivation period is extremely good for the farmers in terms of business

standpoint (Girmay et al., 2016)

The main objective of this study is to determine the biological efficiency of
Pleurotus sample from Chapter 3, evaluation of its antioxidant capacity in
terms of fruiting bodies and mycelia and evaluation of its nutritional profile

through proximate analysis. The specific objectives were: -

1. To determine the yield and biological efficiency of mature fruiting
bodies from 10 selected Pleurotus pulmonarius mushroom samples.

2. To assess the antioxidant activities and total phenolic content of the
mycelia and mature fruiting bodies from selected P. pulmonarius, and
Pleurotus eryngii samples.

3. To determine the moisture content, lipid content, ash content and
protein contents of mature fruiting bodies from selected 10 P.

pulmonarius samples.

68



4.2 Materials and Methods

4.2.1 Sample selection

All samples identified as P. pulmonarius from phylogenetic identification
(Chapter 3) were cultivated to produce fruiting bodies. However, some
samples failed to produce fruiting bodies while some were infected with green
mould during cultivation, leaving 10 P. pulmonarius samples, namely MP2,
MP9, MP12, MP28, MP34, MP35, MP36, MP41, MP42 and MP43 selected for
further evaluation. Mycelial sample of all 16 P. pulmonarius, 8 P. eryngii and 3

unidentified sample were used for antioxidant and phenolic analysis.

4.2.2 Spawn and substrate preparation

5000 g of wheat grains were cleaned in tap water and left to soak for 5 hours.
Excess water was removed and 100 g of powdered calcium carbonate (2%)
were added to avoid the clumping of grains. 200 g of grains were packed into
polypropylene bags with PVC caps and were sterilized at 121°C for 1 hour. After
cooling the spawn bag, three mycelial plugs (8mm x 8mm) were removed from
the stock agar and added to the sterilized wheat grain in the bag. The spawn
bags were then left to grow at 25°C, 70% relative humidity in darkness for one

week.

The materials used were provided by MARDI, Malaysia. Substrates were
prepared using sawdust, rice bran and calcium carbonate at a ratio of 100:10:1.
The dry ingredients were then mixed with tap water to obtain a moisture
content of 70% (w/w). Moistened substrate (1lkg) was added into
polypropylene bags with PVC caps and were sterilized at 121°C for 6 hours
(Chen et al., 2020). The sterilized substrate bags were cooled overnight before

inoculation of spawn.

4.2.3 Cultivation

Twelve bags per samples was used in this study. Cultivation time span was 30
days at MARDI’s Controlled Environment Mushroom House for 21-28°Cin dark

for colonization of mycelia (spawn run). After 30 days, the mushroom bag cap
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was opened to allow for fruiting induction with the water sprinkler turned on
to maintain the relative humidity at 80-90%. Triplicates were selected

randomly from the twelve bags per sample for further assessment.

4.2.4 Harvesting and measurement

Three flushes of mushrooms were harvested from each bag. The harvesting
time for three flushes of mushroom varies with different samples. The
mushrooms were harvested when the cap have fully expanded with
pronounce brownish colouration and before the sporulation process.
Mushroom yield per bag was determined by weight in grams. Morphological
observation such as numbers of fruiting bodies per bag, cap diameter (cm) and
stipe length (cm) were recorded. Biological efficiency (%) was calculated as

follows:

. . . . Fresh weight of mushroom across 3 flush
Biological efficiency (BE) (%) = g , * 100%
Dry weight of substrate

4.2.5 Preparation of Pleurotus mycelia and fruiting bodies aqueous

extract

Two weeks old mycelia samples and fruiting body sample were kept at -20°C
overnight before the freeze drying process (Alpha 1-2 LDPlus, Martin Christ,
Germany) for 24 hours for mycelia and 48 hours for fruiting body. The

conditions of freeze drying are at -50°C and 0.12 atm pressure.

The freeze-dried samples were then grinded to fine powder using pestle and
mortar. 0.5g of respective fine mushroom powder were added in 15 ml of
boiling distilled water for 2 hours to generate the aqueous extracts. While the
process of boiling was ongoing, addition of distilled water to the mixture to
maintain the constant volume at 10 ml. The supernatant of the aqueous
extract was recovered by centrifugation (Centrifuge 5810/5810R, Eppendorf,

Germany) twice at 6300 RCF at room temperature. The supernatant was then
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filtered with 0.45 um syringe filter and kept at -20°C freezer until further

analysis. The final extract concentration was at 50 mg/ml.

4.2.6 Bioactivities screening

Only 10 samples of P. pulmonarius fruiting bodies were evaluated for
antioxidant and phytochemical as these were the few samples that produced

fruiting bodies under the experimental conditions.
4.2.6.1 2,2-diphenyl-1-picrylhydrazyl (DPPH)

DPPH radical scavenging activity was determined using aqueous extract diluted
with methanol with slight modification (Liew et al., 2018). For each sample, 6
different concentrations were tested (20mg/ml, 10mg/ml, 5mg/ml, 2.5mg/ml,
1.25mg/ml and 0.625mg/ml) (Appendix 2- Figure 1 and 2). The reaction
mixture consisted of 50ul of extract, 50ul of methanol, 50ul of 90mM of Tris-
Cl and 100 ul of 0.2mM 2,2-diphenyl-1-picrylhydrazyl radical solution in
methanol. After incubation for 40 minutes under dark condition, absorbance
was read using Biotek Microplate Spectrophotometer (Agilent, US) at 517nm.

The antioxidant activity was calculated using the following equation.

Acontrol — Asample

% inhibition = * 100%

Acontrol

Acontrol was the absorbance of the reaction mixture without sample extracts.
Antioxidant activity was defined as the amount of antioxidant necessary to
decrease the initial DPPH concentration by 50% (IC50). A scatter plot was
generated for each sample with concentration of extract against its %

inhibition to determine its IC50. (Appendix 2 — Figure 1 and 2)

4.2.6.2 Ferric reducing antioxidant power (FRAP)

Ferric reducing antioxidant power assay was measured using 25mg/ml
aqueous extract diluted with distilled water with slight modification (Liew et
al., 2018). The FRAP cocktail ratio contained 10mM 2,4,6-Tris(2-pyridyl)-s-
triazine (TPTZ), 20mM FeCl3.6H20 and 300mM sodium acetate buffer (pH 3.6).
FRAP cocktail was freshly prepared on the same day of assay and warmed at

37°C for 10 minutes. The reaction mixture consisted of 25 pl of extract and
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175ul of FRAP cocktail. The reaction was incubated in dark for 30 minutes and
absorbance was measured at 590nm. FRAP activity was expressed as uM of
FESOs per gram of sample. Standard calibration curve using various

concentration of ferrous sulphate heptahydrate (Appendix 2 — Figure 3)

4.2.6.3 Total phenolic content

Total phenolic content was measure using stock concentration (50 mg/ml) of
the aqueous extract with slight modification (Liew et al., 2018). A total of 50ul
of extract were added with 3ml of distilled water and 250 pl of Folin-Ciocalteu’s
reagent. The mixtures were vortex vigorously and let to stand at room
temperature for 5 minutes. 7% sodium carbonate and distilled water was then
added and let to stand for 2 hours in dark. 250 ul of the reaction mixture were
removed and loaded into a 96 well plate. Absorbance was measured at 765nm,
and result were expressed as mg of gallic acid/g sample. Standard calibration

curve using various concentration of gallic acid (Appendix 2 — Figure 4).

4.2.7 Proximate analysis

Contents of total ash, moisture, protein, and lipids were measured using the
official proximate analysis techniques (Association of Official Analytical

Chemists, 1997).

4.2.7.1 Ash content

300mg of freeze-dried sample were weight into a crucible and used for
determination of ash content. The initial crucible and samples weight were
noted. The crucible with sample were placed in a muffled furnace for
incineration at 550°C for 16 hours. After incineration, the crucible was left to
cooldown and subsequently weigh to determine the weight loss. Total ash

content was determined by this formula: -

Weight loss of sample (g)

Ash content % = * 100%

Initial sample weight (g)
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4.2.7.2 Moisture content

500mg of fresh liquid nitrogen grinded sample were used to determine the
moisture content using a rapid moisture analyzer (Sartorius, Germany) at
200°C until a constant weight are reached. Total moisture content was

determined using this formula: -

Initial sample weight (g) - Final sample weight (g)

* 100%

Moistur ntent % =
oisture content % Initial sample weight (g))

4.2.7.3 Lipid content

The Soxhlet method using petroleum ether were used for total crude lipid
content determination. 300mg of freeze-dried sample were weighted onto a
thimble and place into the Soxhlet extractor. The initial weight of an empty
round bottom flask was noted. 250ml of petroleum ether were added into the
round bottom flask and placed onto a heating apparatus while connected to
the Soxhlet apparatus. The solvent was boiled for extraction for 16 hours. After
extraction, the petroleum ether was evaporated using a rotary evaporator,
leaving only the lipid content in the flask which are weighed. Total lipid content

was calculated using this formula: -

Final weight of flask (g) - Initial weight of flask (g)
Sample weight (g))

Lipid content % = * 100%

4.2.7.4 Protein content

The Kjeldahl method was used for total protein content determination. 300 mg
of freeze-dried samples were weighed and set inside the digestion tube, with
2 titanium tablets as catalyst and 15 ml of sulphuric acid. Blank sample was
prepared only with tablets and sulphuric acid while control samples was
prepared with 100 mg of glycine, tablets, and sulphuric acid. The digestion
tubes containing samples, blank and control were placed on a digestion block
and the tubes were covered with an exhaust system. The heating process starts

at 150°C, which after 15 minutes are increased to 250°C and after 15 minutes,
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another increase to 380°C for 2 hours. Fully digested samples should be clear
and neon green in colour. Digestion tubes were taken out from the digestion
block and let to cool at room temperature. The digested sample then were
subjected to distillation using the BUCHI distillation unit K-350 (BUCHI,
Malaysia). The program on the distillation unit were set to utilize 90ml of
water, 50ml of 4% 4.65pH boric acid solution and 50ml of 8M sodium
hydroxide for each sample. When the distillation process was completed, the
sample were titrated using 0.1N hydrochloric acid until it reached pH 4.65. The
volume of 0.1N HCL used were recorded. Total nitrogen content was

determined using this formula: -

. normality HCL X corrected vol (mL) X 1.4007) X 6.25
Nitrogen % _( 4 _ (L) ) ) & 100%
Sample weight (g))

Statistical analysis

All the analyses were performed in three technical and biological replicates
which were averaged. One-way ANOVA with Tukey’s posthoc test was
performed using GraphPad Prisms version 9.0.0 for Windows GraphPad
Software, La Jolla California USA, www.graphpad.com. P-values less than 0.05

is statistically significant.
4.3 Results

4.3.1 Growth parameters and yield of fruiting bodies

Among the 10 cultivated samples, sample MP42, MP35 and MP34 showed the
highest yield and biological efficiency for first three flushes at an average of
125.3g, 123.9g and 116.8g respectively (Table 4.1). The three lowest yield
Sample belongs to MP9, MP12 and MP28 at 70.2g ,62.0g and 56.8g

respectively (Table 4.1).

Sample MP34 and MP9 have the least numbers of day for complete growth
(days required to harvest 3 fruiting flushes.) at 59.33 days and 78.0 days
respectively. Both MP34 and MP9 samples have a significantly faster growth
rate as compared to the rest of the eight samples in which these eight samples

have complete growth ranging from 135.33 days to 163.5 days.
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While MP9 have the second fastest complete growth, it did not produce a high

enough weight of fruiting body. MP42 and MP35 were the highest yield sample

but both this sample also suffers from slow complete growth averaging at

about 151.25 days and 135.33 days respectively.

The results show that sample MP34 possess the best traits, which has fast

complete growth rate at 59.3 days and producing satisfactory biological

efficiency of 43.8% within the three flushes.

Table 4.1 Biological efficiency, yield, and complete growth of the ten P.

pulmonarius sample

Samples Biological efficiency (%) Yield (g) Complete Growth
(days)
MP2 36.4+0.88%b¢ 96.93+2.35%¢ 149.56+30.8%°
MP9 26.4+2,33bcd 70.2746.20b« 78.00£6.93¢
MP12 23.3+0.93« 62.00+2,48< 149.00+14.50%
MP28 21.3+1.86¢ 56.83+4.95¢ 158.20+26.0%°
MP34 43.8+8.532 116.80+22.8° 59.33+8.08¢
MP35 47.0+3.18° 125.30+8.49° 135.33+16.17°
MP36 40.6+11.69% 108.30+31.2%° 154.3+15.57%°
MP41 38.2+1.70%° 101.73+4.54%° 148.73+14.01%°
MP42 46.5%+1.242 123.90+3.30° 151.25+16.56%
MP43 39.9+3.41%b 106.27+9.09%° 163.50+16.522

Biological efficiency was determined by total weight of fruiting bodies/dry

weight of substrate x 100%, yield was determined by average weight of

fruiting body across 3 flush, complete growth is defined as days required to

harvest 3 fruiting flushes. Different letters (a-d) denote the means were

significantly different at p<0.05
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4.3.2 Antioxidant activity of aqueous extract

The total phenolic content, DPPH radical scavenging activity and FRAP assay

results for mycelia aqueous extracts are shown in Figure 4.1.

(a) Phenolic content of mycelia

fghijk

QQ\/'L'L oY W Y <o"3
N @Q@Q@Q@Q@Q@Q@Q@Q@Q@Q@Q@Q@@Q @Q@Q

g

(o))

E

o

Lo

O

%%'LV‘O%'&V S VDNV PN DO A DD DO
SEEEEELELEEEELEE L ELELLEES
© Ferric reducing power of mycelia

o

g‘ bt

& . | ¢ @

o ? ,

¥ L I P P g2 g o P 0 > W 2 B @V P (P S P AV A D S &P LD
SELEELELL LS ELLE L ELLLEEE

Figure 4.1 Antioxidant and phenolics values of mycelia agueous extract (a)Total

phenolic content, (b) DPPH radical scavenging activity, (c) FRAP value. Blue
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indicates P. pulmonarius, red indicates P. eryngii and black indicates

unidentified sample.

Total phenolic content for mycelia aqueous extract was found to be the highest
in MP52 (18.13+1.69 ug GAE/g), followed by MP53 (15.44 +0.13 ug GAE/g). P.
pulmonarius phenolic content ranges from 6.99+0.9 — 18.13+1.69 GAE/g while
P. eryngii phenolic content ranges from 2.91+0.4 — 5.36+0.40 GAE/g. P.
ostreatus phenolic content ranges from 3.62+0.7 — 9.03+0.12 GAE/g.

The DPPH radical scavenging activity was found to be positively correlated with
the concentration of extracts (0.625, 1.25, 2,5,5,10, 20 mg/ml). IC50 value was
defined as the amount required to inhibit 50% of the DPPH radical, meaning
the lower IC50 the greater radical scavenging activity possess by the sample.
The highest scavenging activity was found in MP42 (4.42+1.13 ug/ml), followed
by MP28 (4.82 +1.05 ug/ml). For samples that identified as P. pulmonarius, the
IC50 value ranges from 4.42+0.65 — 9.40+1.26 ug/ml, while for P. eryngii the
value ranges from 6.38+0.81 — 15.65+0.08 ug/ml. P. ostreatus sample 1C50
values range from 7.9+0.12 — 15.33+0.55 ug/ml. The observed trend for
mycelia aqueous extracts shows that P. pulmonarius generally has a higher

DPPH radical scavenging activity as compared to the other two species.

The ferric reducing power of all extract was tested with a single concentration
(25mg/ml). Optimization results showed that extracts at 25mg/ml falls within
the range of the calibration curve. MP28 (39.32+2.75 Fe2+/g) shows the
highest ferric-reducing power, followed by MP51 (38.6 + 18.1 Fe2+/g). P.
pulmonarius FRAP value ranges from 18.88+2.29 — 39.32+2.75 Fe2+/g while P.
eryngii FRAP value ranges from 13.30+1.54 — 19.63+2.51 Fe2+/g. P. ostreatus
FRAP value ranges from 11.08+1.14 — 24.78+0.45 Fe2+/g. Similarly, the FRAP
assay also shows the same trend as DPPH radical scavenging activity in which
P. pulmonarius generally have better ferric reducing power as compared to P.

eryngii and P. ostreatus.

To sum up, antioxidant properties and phytochemical of mycelial agueous

extract were generally higher in all P. pulmonarius samples.
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(a) Phenolic content of fruiting body
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Figure 4.2 Antioxidant activity and phenolics of P. pulmonarius fruiting

bodies agueous extract (a) Total phenolic content ; (b) DPPH Radical

scavenging activity and (c) FRAP value
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The total phenolic content, DPPH radical scavenging activity and FRAP assay results for

fruiting bodies aqueous extracts are shown in Figure 4.2.

Total phenolic content for fruiting body aqueous extract was found to be the highest in
MP28 (7.38+1.38 ug GAE/g), followed by MP12 (7.24 +0.13 ug GAE/g). The highest DPPH
radical scavenging activity for fruiting body was MP34 (7.81+0.62 pg/ml), followed by
MP9 (8.11 +1.50 pg/ml).

Similarly, the ferric reducing antioxidant power for fruiting body aqueous was found to

be highest in MP12 (28.93+0.99 Fe2+/g) followed by MP28 (27.78+3.38 Fe2+/g).

The phenolic content, FRAP value and DPPH scavenging activity of fruiting body were

lower as compared to their mycelia counterpart.

Table 4.2 Pearson correlation between yield and DPPH value; FRAP value; TPC value.

Yield

Pearson r value significance (2-tailed) N
DPPH IC50 0.42 0.226 10
FRAP -0.61 0.060 10
TPC -0.61 0.061 10

Pearson correlation coefficient (r) between 0 to 1 is positive correlation, r value of 0 is no

correlation, r value between 0 and -1 is negative correlation.

The Pearson correlation results of yield and antioxidant values were shown in Table 4.2.
There was a negative medium correlation of yield with total phenolic content and yield
with FRAP value and positive small correlation of yield and DPPH IC50 value (IC50 value is
the lower the better antioxidant activity). This suggests that the higher the mushroom
yield, the lower the FRAP antioxidant power and phytochemical content, however the

results were not significant.
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Table 4.3 Pearson correlation between antioxidant values of fruiting bodies and mycelia

in each of the antioxidant tested.

Fruiting body

Pearson r value significance (2-tailed) N
DPPH IC50 -0.38 0.286 10
FRAP 0.09 0.807 10
TPC 0.10 0.784 10

Pearson correlation coefficient (r) between 0 to 1 is positive correlation, r value of 0 is

no correlation, r value between 0 and -1 is negative correlation.

The Pearson correlation results of antioxidant values between fruiting bodies and mycelia
were shown in Table 4.3. DPPH IC50 has moderate negative correlation in relation to
fruiting bodies and mycelia while FRAP and TPC have small correlation in relation to
fruiting bodies and mycelia. Like the correlation between yield and antioxidant value, the

results were not significant.
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4.3.3 Proximate analysis

Table 4.4 Moisture, ash, crude protein, and lipid presented from analysis of ten P.

pulmonarius, in triplicate. Different lowercase superscript letters in the same column

indicate a statistical difference at p < 0.05 using one-way ANOVA.

Moisture (%) Ash (%) Lipid (%) Protein (%)
MP2 85.11 + 1.29% 6.63 +0.112b¢ 1.70 £ 0.51° 18.14 +1.28
MP9 87.31+0.5° 5.86 +0.12°¢ 2.48 £0.9° 23.29+0.9°
MP12 85.76 + 0.66%° 7.55+0.2° 3.66 +0.82° 19.45 + 1.14%
MP28 88.22 +0.16? 6.45 + 0.243b¢ 5.74 +1.31° 17.8 +0.3°
MP34 85.97 + 0.77%° 6.90 + 0.49% 2.08 +0.53¢° 23.88 £ 0.4°
MP35 88.09 + 0.37° 7.48 +0.23° 6.94 + 0.842 16.97 +0.7°
MP36 83.24+1.12° 7.49 + 0.04° 3.47 £ 0.47° 21.05+0.7%
MP41 86.09 + 0.76%° 5.54 + 0.26°¢ 1.86 £ 0.14° 20.67 +1.2%
MP42 84.50 + 0.143b 6.24 +0.15%b¢ 2.14 +0.28° 20.23 +1.3%
MP43 85.53 + 0.95%° 6.88 +0.43% 2.17 +0.06? 20.32 +0.34%°

The nutritional values of ten tested P. pulmonarius are shown in Table 4.4. All the P.

pulmonarius have a high moisture content, ranging from 83.24% to 88.22%. The amount

of lipid for all samples is very low as compared to the other components, ranging from

1.7% to 6.94%. The ash content is also low, but at a smaller range between 5.54% to

7.55%. Lastly, the protein content ranges from 16.97% to 23.88%, higher than both lipid

and ash content. MP35 has the highest moisture content at 88.22%, while MP12 has the
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highest ash content at 7.55%. MP2 has the lowest lipid content at 1.7% while MP34 have

the highest protein content at 23.88%.
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4.3.4 Morphological characteristic of 10 selected P. pulmonarius fruiting

bodies
MP35
MP2
MP9 MP36
MP12 MP41
MP28 MP42
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MP34

MP43

E

Figure 4.3 Morphological features of all 10 P. pulmonarius samples

Figure 4.3 shows the fruiting bodies of P. pulmonarius cultivated in this study. All 10

samples of P. pulmonarius have similar morphology, consist of lighter and darker

brownish caps, average cap diameter of 5.5 - 7.5 cm and average stipe length of 4.0 -6.8

cm. However, the number of fruiting bodies were highly varied, ranging from 1-15 fruiting

bodies per bag even for the same strain. The morphological results also complement the

ITS phylogenetic tree from Chapter 3.3.3, further confirming that all the 10 P. pulmonarius

samples in this study are the same.
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Cottony
texture

Orange texture

Dense, mat
like

Figure 4.4 Two weeks old mycelia of Pleurotus eryngii (MP5; Top left), Pleurotus
ostreatus (MP6; Top right) and Pleurotus pulmonarius (MP42; Bottom)
Figure 4.4 shows the mycelial morphology of 3 distinct species, from sample MP5 (P.
eryngii), MP6 (P. ostreatus) and MP42 (P. pulmonarius). MP5 mycelia was white in colour
and had cottony texture with abundant growth. MP6 mycelial was whitish with a little
hint of orange, dense and compact, mat-like structure, and regular growth. MP42 mycelia
was half white and half orange, dense and compact, mat-like structure, and regular

growth as well.
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Figure 4.5 Five days old MP35 mycelia showing a visible clamp connection.

100x magnification under light microscope, methylene blue stain 1%

Figure 4.5 shows five days old MP35 mycelia under 100X magnification of a light
microscope. A visible clamp connection was formed during the elongation process. A
clamp connection facilitates the mating of hyphae of different sexual types to maintain

genetic variation.
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Figure 4.6 Morphology of 10 P. pulmonarius, (a) Fruiting body number; (b) Cap diameter;
and (c) Stipe length
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The morphological characteristics of the 10 P. pulmonarius samples are shown in Figure
4.6. Tukey method pairwise comparisons were used for statistical analysis of these 3
morphological data. MP42 (7.5 +3.1) has the highest amount of fruiting bodies number
followed by MP41 (7.1 £3.8) and MP34 (7.0 £3.8). There is no significant difference found
among the 10 samples. MP34 (8.8 +1.9 cm) has the largest cap diameter followed by
MP28 (8.3 £2.2 cm) and MP9 (8.2 £3.2 cm). There is no significant difference found among
the 10 samples. For the stipe length, MP34 (6.84 +1.5 cm) has the longest stipe followed
by MP43 (4.9 1.5 cm) and MP36 (4.8 +0.8 cm). MP34 has significantly longer stipe as
compared to the rest of the sample. Generally, MP34 has better relative growth in terms

of fruiting body number, cap diameter and stipe length.

4.4 Discussion

The biological efficiency of 10 selected P. pulmonarius were shown in Table 4.1. It was
observed that the biological efficiency of P. pulmonarius was significant when comparing
the highest yield samples (MP42, MP35, MP34) and lowest yield samples (MP28, MP12,
MP9). Both MP34 and MP9 have significantly shorter days for complete growth (days
required to harvest 3 fruiting flushes) as compared with the rest of the samples. The
shorter growing cycle aids to reduce the labor cost during harvesting and reduce the
duration of the entire production (Myronycheva et al., 2017). Pleurotus spp secretes
enzyme to degrade lignocellulosic materials for nutrients such as carbon and nitrogen as
part of its metabolism (Sousa et al., 2016). The high biological efficiency of MP42, MP35,
and MP34 might be attributed to its production of lignin-degrading enzyme. Some
research have showed that fungus with high yield have enhanced production of lignin-
degrading enzyme such as laccase and manganese peroxidase during mycelia colonization
stage which decreased during fruiting stage (Elisashvili et al., 2008; Mata et al., 2007;
Savoie et al., 2007). Four samples, namely MP34, MP35, MP36 and MP42 have biological
efficiency of 40% and above, which are suitable for oyster mushroom cultivation (Gume

et al.,, 2013).
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Another study reported by (Myronycheva et al.,, 2017), has shown six P. pulmonarius
sample with biological efficiency (%) ranging from 9.8 — 62.0%. The large range of
biological efficiency results can be due to the different methods of cultivation employed
by the author. This author uses larger bags with perforation along the sides which could

have better air exchange as opposed to the bags without perforation used in this study.

Gallic acid, which is a phenolic compound, are known to exists in huge quantities in edible
mushrooms (Puttaraju et al., 2006). Edible mushrooms are usually cooked under heat
such as in soup or stirred fried and is not advisable to be consumed raw for safety reasons
(Tan et al., 2015). Hence in this study, we performed hot water extraction for the

antioxidant and phenolic content studies.

The 16 samples of P. pulmonarius based on Chapter 3.3.3 showed no variation in the
phylogenetic tree suggested that all of them might belong to the same strain. However,
the results for antioxidant and especially biological efficiency show significant variation
among the samples of P. pulmonarius. Studies has shown that filamentous fungi such as
Pleurotus spp. exhibit high levels of variation in terms of morphological, physiological and
production of secondary metabolites when grown in nutrient rich laboratory
environment with serial transfer of culture media (Horn & Dorner, 2002; Li et al., 1994).
This phenomenon known as strain instability or degeneration (Lee et al., 2014) might be

the cause of varying antioxidant level and growth in P. pulmonarius.

Overall, this study shows that P. pulmonarius have better antioxidant capacity and
phytochemical compound as compared to P. ostreatus and P. eryngii during the mycelial

stage as shown in Figure 4.1.

P. pulmonarius mycelia also have a higher antioxidant capacity as compared to their
fruiting body counterpart, which contradicts the study of Sulistiany et al., (2016). The
higher antioxidant capacity of the mycelia could be due to the usage of potato dextrose
agar (PDA) as the growth media in which the dextrose content could promote the
antioxidant activity of the mycelia (de Queiroz Cancian et al., 2018). While 10% of rice

bran was also supplemented in the substrate for the fruiting body growth, the ratio was
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not as high as the ratio of dextrose (20%) in PDA. Even though mycelial antioxidant shows
an average increase of 1.8-fold in DPPH, 1.3-fold in FRAP and 2.3-fold in TPC value than
fruiting body, lower overall yield of mycelial than fruiting body has limited its application
as good source of antioxidant. Furthermore, antioxidant activity of the mushroom
comparing to other functional food that are rich in antioxidant such as green tea is still
low (Shannon et al., 2017). However, our data has shown the potential of using
antioxidant profile to differentiate the mycelial P. pulmonarius than P. ostreatus and P.
eryngii, which can be used as rapid screening to complement the molecular

characterisation of the mycelial of P. pulmonarius before initiate the commercial culture.

Edible mushroom normally has high moisture contents (Adejumo & Awosanya, 2005),
which conforms to our results on moisture contents. The ash contents of all samples were
considerable high, suggesting that the mineral content is high too. The Pleutorus species
contained a small amount of fat, which is also correlates with our result (Wani et al.,
2010). While the moisture, ash and lipid content of our study conforms with P.
pulmonarius studied by Nwoko et al., (2017), our results on protein content were
considerably lower at around 16.97% to 23.88%, while Nwoko reported around 37%. The
amount of protein found in Pleurotus mushrooms is influenced by both the species and
the type of the substrate utilized (Erjavec et al., 2012). Our study utilized rubber sawdust
while Nwoko utilized various species of fruit trees logs. This occurrence is also similar in
P. florida as cultivation with sawdust resulted in the lowest protein content as compared

to other substrate such as rice straw (Mapayi et al., 2021).
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Table 4.5 Ranking of main attributes evaluated for fruiting bodies in this study.

Rank Biological Complete TPC DPPH FRAP
efficiency growth

1 MP35 MP34 MP28 MP34 MP12

2 MP42 MP9 MP12 MP9 MP28

3 MP34 MP35 MP42 MP12 MP2

4 MP36 MP2 MP2 MP41 MP9

5 MP43 MP41 MP34 MP28 MP34

Pleurotus mycelia can be utilized as a source of high biologically active compounds since
its mycelial stage antioxidant capacity are greater than fruiting bodies as shown in this
study. Considering large interest for mushroom as a source for drugs and nutraceuticals
development (Papaspyridi et al., 2011), mycelial MP42, MP52 and MP28 (Figure 4.1) can
potentially be utilized for extraction of biologically active compound such as phenolics.
Mycelia are also advantageous as it can benefit from rapid production and reduced
intensive labour as compared to fruiting body for used in extraction of biological

compounds especially in submerged cultivation (Tang et al., 2007).

As the sale of mushrooms is determined by weight, this parameter stands as a primary
characteristic assessed for various mushroom strains (Jeznabadi et al., 2016). Farmers
benefits from rapid growing mushrooms with high yield as it is better in terms of financial
returns (Girmay et al., 2016), hence the important characteristic to be evaluated is

complete growth and biological efficiency.

As shown in Table 4.5, sample MP34, which ranked 3™ in biological efficiency (43.8%),
shows the improved traits in terms of yield and morphological characteristic, while having
an average antioxidant (ranked 1% in DPPH and 5% in FRAP) and phytochemical content
(ranked 5™ in TPC). More importantly, MP34 exhibits the fastest growth rate (ranked 1%%),
achieving 3 mature flush of fruiting bodies within 59 days. Therefore, among the tested

samples, MP34 can be recommended as the preferred P. pulmonarius for commercial
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cultivation. The high-quality sample can ensure continuous and frequent supply of local
oyster mushroom without depending on import which will benefit the economic activity
and boost the income of the local farmers. With a suitable sample of P. pulmonarius
identified for optimal mushroom cultivation, further studies can be conducted on
different potential agriculture waste (other than sawdust) such as cotton seed and paper
waste and method of substrate/ bags preparation for oyster mushroom cultivation to

further evaluate its benefit in yield, growth, and potential health benefit.
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Chapter 5: Comparative transcriptomics analysis of high and low

vield edible mushroom Pleurotus pulmonarius in Malaysia

5.1 Introduction

While Pleurotus pulmonarius takes up most Malaysia mushroom cultivation shares, the
mushroom agriculture industry is still facing several problems such as poor quality of
mushroom spawn the mushroom vyield and cost losses to the mushroom farmers.
Mushrooms are usually sold based on their weight; hence the yield of a mushroom is the
most vital component during harvesting (Jeznabadi et al., 2016). To maximize production,
it is essential to use the strain that produces the highest yield. However, the molecular

factors which affect the yield of P. pulmonarius are not fully known.

RNA-sequencing is a cost-effective and a swift technology for studying differentially
expressed gene in two or more sample types, especially when the reference genome of
the species is not available (Wong et al., 2011). Multiple transcriptome studies have been
performed on a variety of edible mushroom species such as Cordyceps miliratis,
Ganoderma lucidium and Pleurotus eryngii which profiled and compared the gene
expression these edible mushroom growth cycle. These finding have provided insightful
information that can assist the strain selection and cultivation strategies of the mushroom
(Xie et al.,, 2018; Yin et al.,, 2017; Yu et al., 2012). To-date, using comparative
transcriptomic analysis to explore the differential gene expression between high and low

yield of P. pulmonarius is still lacking.

In this study, we aimed to identify potential molecular markers that specifically
distinguish between high and low vyield P. pulmonarius mushroom for large-scale
cultivation. P. pulmonarius with different biological efficiencies were selected for de-novo
transcriptomic analysis using the next-generation sequencing technology. The high yield
type P. pulmonarius is expected to have different gene expression as compared to low
yield while having similar gene expression within their own groups. These differentials

expressed genes (DEG) may include genes related to the pathways such as metabolic,
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development, stress response, cell division and differentiation, protein transport and

production of secondary metabolites.
The specific objectives of this study include: -

1. To perform de novo transcriptome sequencing analysis using total RNA from
fruiting bodies of selected low- and high-yield P. pulmonarius strains.

2. To identify differentially expressed genes (DEGs) and the annotated pathways via
gene ontology and KEGG pathway enrichment analyses.

3. Tovalidate the selected and KEGG enriched DEGs using quantitative real time PCR
(9PCR).

5.2 Materials and Methods

5.2.1 Mycelia culture and fruiting bodies growth

Four pure cultures of Pleurotus pulmonarius mushroom mycelia, namely MP42, MP35,
MP12 and MP28 were prepared as per Section 4.2.1, and 4,2,2. MP42 and MP35 were
considered as high yield and MP12 and MP28 were considered as low yield as per Section

4.3.

5.2.2 RNA extraction

For each sample’s biological replicates, multiple freshly harvested fruiting bodies that
were snap froze in liquid nitrogen from three bags were pooled and homogenized during
cryogenic grinding. Total RNA from fruiting bodies was extracted using RNeasy Plant Mini
Kit (QIAGEN, Inc., Valencia, CA) according to the manufacturer's instructions. The amount
of starting material used was 100 mg of cryogenically grounded fruiting body sample. Four
hundred fifty ul of Buffer RLC with 2-Mercaptoethanol were added into the sample. This
mixture with sample was transferred to the QlAshredder spin column and centrifuged at

20,000 RCFfor 2 minutes. Supernatant were transferred to a new tube and 0.5 volume of
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100% ethanol were added and mixed immediately. The mixed sample was transferred to
a RNeasy spin column and centrifuged for 11,000 RCF for 15 seconds. DNase digestion
was performed in the column using 5U of Ambion DNAse | and incubated for 30 minutes
at 37°C. Seven hundred microliters of Buffer RW1 were added onto the spin column and
centrifuged for 11,000 RCF for 15 seconds to clean the remaining DNAse I. A final column
wash using 500 pl of Buffer RPE centrifuged for 11,000 RCF for 15 seconds. An additional
spin at 11,000 RCF for 2 minutes was performed to ensure all residues were removed
from the spin column. Twenty microliters of RNAse free water were added on top of the
column and incubated for 15 minutes before elution by centrifuged for 11,000 RCF for 15

seconds.

The concentration, quality and integrity of extracted RNA samples were determined using
agarose gel electrophoresis and Nanodrop spectrophotometer (Thermo Scientific, USA).
Further RNA integrity and quantification were performed using the Bioanalyzer 2100

system (Agilent Technologies, USA).

5.2.3 Library preparation and RNA-Seq

Twelve cDNA libraries were constructed using NEBNext Ultra RNA Library Prep Kit for
lumina (NEB, USA) following manufacturer’s recommendations. The 12 cDNA libraries
are MP42 biological replicates 1 to 3, MP35 biological replicates 1 to 3, MP12 biological
replicates 1 to 3 and MP28 biological replicates 1 to 3. Paired-end sequencing on all 12

libraries were performed using lllumina HiSeq 2500 platform (Novogene, China).

5.2.4 De novo transcriptome assembly and homology search

Clean reads were obtained by filtering and trimming the adapters, low-quality, and
duplicate sequence from the raw reads. De novo assembly was performed using CLC
Genomics Workbench v10.1 software (CLC Bio, Denmark). The settings for de novo

assembly were graph parameters set to automatic for word and bubble size, minimum
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contig length of 200 base pairs, map reads back to contig with mismatch cost of 2,

insertion cost of 3, deletion cost of 3, length fraction at 0.5 and similarity function at 0.8.

Gene functional annotation was performed using Diamond software for the NCBI non-
redundant protein sequences (Nr), Swissprot and Cluster of Orthologous Groups of
proteins (KOG) (Buchfink et al., 2015). NCBI Nucleotide database (nt) annotation was
performed using NCBI Basic Local Alignment Search Tools (BLAST)+ executables (National
Center for Biotechnology Information (US), 2008). Annotation for Kyoto Encyclopedia of
Genes and Genomes (KEGG) was performed using KEGG Automatic Annotation Server
(KASS) at https://www.genome.jp/kegg/kaas/ (Moriya et al., 2007) while Protein family
(Pfam) annotation was performed using hmmscan build in CLC Genomic Workbench.
Gene ontology functional annotation was performed using BLAST2GO software based on

the annotation results of Nr and Pfam (Conesa et al., 2005).

GO enrichment pathway analysis was performed using ShinyGO with setting set to
“Agaricus bisphorus StringDB” at http://bioinformatics.sdstate.edu/go/ (Ge et al., 2020).
KEGG pathway enrichment analysis was performed using KOBAS with the species chosen
for basidiomycetes Agaricus bisphorus var. bisporus H97, statistical methods set to
Fisher’s exact test and FDR correction method to Benjamini and Hochberg (1995) at

http://kobas.cbi.pku.edu.cn/ (Bu et al., 2021).

5.2.5 Identification of differentially expressed genes.

Differential expression analysis was calculated using CLC Genomic Workbench v10.1
software (CLC Bio, Aarhus, Denmark). RNA-Seq analysis tool were chosen in the software
with the following settings: - the de novo assembled sequences selected as reference,
mismatch cost set to 2, insertion cost to 3, deletion cost to 3, length fraction to 0.8, and

similarity fraction to 0.8.
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5.2.6 Validation of differentially expressed gene through Quantitative real

time PCR (qPCR) Analysis.

Five DEGs were identified by RNA-Seq and KEGG Enrichment method for validation by RT-
gPCR. Total RNA from high- and low-yield fruiting bodies were extracted using the same
procedure as in section 5.2. RNA from each sample was reverse transcribed using

NEXscript cDNA synthesis kit (Geneslabs, Korea).

cDNA conversions were performed using NEXscript cDNA synthesis kit (NEXDiagnostic,
Korea) as per manufacturer’s protocol. A mixture of 1 ul of Oligo DT, template RNA of
total 2 ug and additional RNAse-free water up to 10 ul total were incubated at 65°C for 5
minutes. After incubation, the initial mix of template RNA with oligo DT were added with
4 ul of 5x reaction buffer (50mM Tris-HCl, 150mM NaCl, 0,1 mM EDTA, 1 mM
dithiothreitol, 0.1% NP-40 alternative, 50% glycerol), 1 ul of RTase (200U/ ul), 1 pl of DTT
(8mM), 1 ul of ANTP mix (2.5mM) and RNAse free water up to 20 pl. The reaction mixture
was incubated at 50°C for 60 minutes and reactions were terminated by incubating at

95°C for 5 minutes.

Primers for the 5 DEGs and 2 housekeeping genes were designed using Primer Premier
6.24 software (Premier Biosoft, US) and are shown in Table 5.1. Reaction mixture (10 pl)
contained 5 pl of 2X NEXpro gPCR Master Mix (SYBR), 1.0 ul of 10uM each primer, 2 ul of
cDNA template and 1 pl of RNAse free water. The gPCR reactions were cycled on an Eco
Real-Time PCR system (Illumina, USA). Amplification conditions were 95°C for 10 mins for
polymerase activation followed by 40 cycles of 95°C for 10 seconds, 65°C for 30 seconds,
and 72°C for 15 seconds. The melt curve conditions are as follows: 95°C for 15 seconds,
55°C for 15 seconds and 95°C for 15 seconds. Each reaction was performed in duplicates
and used the electron transfer gene and GTP-binding as housekeeping gene. Relative
gene expression levels were calculated using the 2722t method (Livak & Schmittgen,

2001)
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Table 5.1 List of primers used for qPCR validation.

Gene ID Annotation Primer (5’ -3’)

885 Aspartyl protease FWD - GTATATCCACGGTCGCCACCAC
RV- CGGACGCATTGACGCCATTG

11935 Electron transfer FWD - CTGTTGCCTCCCGTGCCTTT
(reference gene 1) RV - GCGACAACCTTCACTTCATCCG

10629 GTPase-activating protein FWD - CGTCACGCATTACCAACATTCG
S23 RV - ATCCAGCCACCTCAAGACATCC

3921 CATALASEI mRNA FWD - GCACCGAAGGAACCGACCATCA
RV - ACGCATTCGCCGACGCAGAT

10258 Palmitoyltransferase FWD - CCAGAGCGTCCAGGAGAACAAT
(YKT6) RV - TGGCAGTGAAGTCGTCCAGAAT
640 Copper amine oxidase FWD - GCTCGTCGTCAGCATGGTCT

RV - CGATGGTGCCGTCCTGATAGAA

8888 GTP-binding protein FWD - AACCCTTCCTCCTCAGCGTACT
(reference gene 2) RV - AGAACTCCAGCGTCAGGCAGAT

5.3 Results

5.3.1 Total RNA quality and quantity

The whole RNA quantity and quality quantified using Nanodrop is shown in Table 5.2.
Sample absorbance values for A260/280 and A260/230 represent the purity of the nuclei
acid samples. A260/280 ratio of about 2.0 is generally considered pure for RNA and
A260/230 ratio of about 2.0-2.2 for both DNA and RNA. Figure 5.1 shows the gel
electrophoresis image of all the RNA. All samples showed RNA integrity number (RIN) of
7.5 and above except for MP42 R1 and MP42 R2 (Appendix 3 — Figure 1). This was an error
caused by the calibration software as shown in Appendix 3 — Figure 2 and Figure 3 The

pink and green line should be positioned at the base of 185 and 26S peaks respectively.
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All RNA samples electropherogram have similar patterns which confidently shows that all
samples should have similar RIN value. Figure 5.1 shows the gel electrophoresis image of

both the high and low yield type P. pulmonarius RNA samples and shows clearly two
visible intact bands (28S and 18S) with no signs of degradation.
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Table 5.2 Reading from Nanodrop in terms of concentration and absorbance value.

Sample Name  Nucleic Acid(ng/pl) A260/A280 A260/A230
MP35 R1 300.8 2.17 2.38
MP35 R2 732.4 2.16 1.96
MP35 R3 352.4 2.16 1.95
MP42 R1 400.2 2.18 2.56
MP42 R2 419.9 2.19 2.34
MP42 R3 406.20 2.19 1.76
MP12 R1 1001.8 2.17 2.09
MP12 R2 545.8 2.16 2.68
MP12 R3 805.0 2.17 2.44
MP28 R1 1386.3 2.17 2.62
MP28 R2 465.6 2.19 2.58
MP28 R3 1437.8 2.18 2.41
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Figure 5.1 Gel electrophoresis image of high and low yield P. pulmonarius RNA

extracts
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5.3.2 lllumina sequencing and reads assembly.

Altogether, 1,036,603,062 raw reads were generated from 12 cDNA libraries of P.
pulmonarius samples representing two groups, namely high yield (MP42, MP35) and low
yield (MP12 and MP28). A total of 984,518,500 high quality cleans read were obtained
after data filtering and trimming (Table 5.3). De novo assembly was performed and 85,072
unigenes were produced with an average length of 656bp and an N50 of 991bp. Table 5.3

shows the summary for the de novo assembly statistics.

Table 5.3 De novo assembly statistics

Item Numbers

Total number of raw reads 1,036,603,062
Total numbers of clean reads 984,518,500
Total number of unigenes 85,072
Average unigene length 656

N75 442

N50 991

N25 2032

5.3.3 Functional annotation of the transcriptome

A total of 50,471 (59%) unigenes were associated with known protein in NCBI Nucelotide
(NT) database, followed by NCBI protein (Nr) database (30,097; 35%), Gene Ontology (GO)
database (28750: 33.8%), Pfam database (7255: 8%), and Clusters of Orthologous Groups
(KOG) database (4148: 4.9%).

The breakdown of GO functional annotation is shown in Figure 5.2. The main biological
process (BP) GO term identified in all the unigenes were “metabolic process” (16557
unigenes) and “cellular process” (11760 unigenes), while the “binding” (15852 unigenes)
and “catalytic activity” (17893 unigenes) GO term were the most common in molecular

function (MF). These results on MF and BP agree with the findings on transcriptomic of P.
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tuolensis (Wang et al., 2022). The top GO terms for cellular components (CC) were “cell”

(7705 unigenes) and “cell parts” (7680 unigenes).

Gene Function Classification (GO)

[ Biological Process ][ Cellular Companent [ Molscular Function

20000

15000

10000

Number of genes

Figure 5.2 GO functional annotation of all unigenes (Red bar is biological process, green

bar is cellular component while blue bar is molecular function

The KEGG classification for all unigene is shown in Figure 5.3. The top 5 KEGG pathways
were “Carbon metabolism” (2843 unigenes) and “Amino acid metabolism” (1612
unigenes) under Metabolism, “Translation” (1855 unigenes) and “Folding, sorting and
degradation” (1855 unigenes) under Genetic Information Processing and “Signal
transduction” (1393 unigenes) under Environmental Information Processing. These
results also agree with (Wang et al., 2022) on P. tuolensis, in which its top KEGG pathways
were “carbon metabolism”, “amino acids metabolism”, “translation” and “signal

transduction”.
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Figure 5.3 KEGG classification of all unigenes. Alphabet A to E represents different KO
pathway (A: Cellular Process, B: Environmental Information Processing, C: Genetic

Information Processing, D: Metabolism, E: Organismal Systems)
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5.3.4 Identification and Functional Enrichment Analysis of Differentially

expressed unigenes.

To identify and evaluate differentially expressed unigenes, we compared the normalized
read counts in FPKM of the high yield and low yield samples according to log2(Fold
Change) > 1 and p-value < 0.05. The comparative analysis revealed 27449 significantly
DEGs (padj < 0.05) which includes 13707 upregulated and 13742 downregulated genes. A
volcano plot showing the -log10(P-value) versus log2fold change of all the upregulated
and downregulated genes are shown in Figure 5.4. Split down in the middle, the dots on
the left hand side represents downregulated genes while on the right hand side represent
upregulated genes and the most statistically significant genes were located towards the
top. Additionally, a heatmap of all the DEG is shown in Figure 5.5. Generally, high yield
and low yield sample shown to have very different gene expression pattern across groups

but similar expression patterns within groups which supports the hypothesis.
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Figure 5.4 Volcano plot of each differentially expressed unigenes
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Figure 5.5 Heatmap of all the DEG among high and low yield P. pulmonarius. Yellow to
green represent upregulation while red to black represent downregulation. High yield

types were arranged to the right side while low yield types were on the left side.

While standard GO classification matches the gene to its GO functions to obtain
annotation information, GO enrichment analysis involves the assessment of the level of
enrichment of a cluster of genes that share common GO functions, with the aim of

analyzing genes that have similar functions.
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GO enrichment analysis of the DEG was conducted to identify the functions of the DEG by
providing it GO terms that were significantly enriched in DEG in comparison to the
genomic background. Up till now, no reports of GO enrichment analysis comparing high
yield and low yield type of P. pulmonarius have been published, hence these reports are
novel and will contribute to the future studies of DEG in P. pulmonarius. The GO
enrichment analysis results are shown in Figure 5.6. The heat shock factor (HSF) (395-fold
enrichment), HS transcription factor (395-fold enrichment), HSF-type DNA binding (395-
fold enrichment) and oxidoreductase activity (346-fold enrichment) were the top

enriched terms.

Heat shock factor {HSF)-type, DNA-binding-

Heat shock transcription facter family - N. of Genes

HSF-type DNA-binding- - 100
Pyridine nuelestide-disulphide oxidoreductase- * 125
FAD/MAD{P)-hinding domain- ® 150
Mixed, incl. shat, sh3 domain, and bzip transcription lactor - ® 175
Mixed, incl. atp synthesis, and atp synthase | chain- ® 200
Hydrogen ion transpart. and Oxidative phospharylation-
Mixed, incl. ppm-type phosphatase domain, and tyrosine specific protein phosphatases domain- -log10{FDR)
Oxidative phosphorylation. and Proton-conducting membrane transporter - — M 150
Protein tyrosine kinase, and PPM-type pt domain- W 175
Winged helix-like DNA-binding domain superfamily - ——— W20
Mixed. incl. oxidative phosphorylation, and mitochondrion- — W 225
DNA-binging-  =———
b 100 200 300 400

Fold Enrichment

Figure 5.6 GO Enrichment Analysis of significant differentially expressed genes.

KEGG enrichment analysis was performed to better understand the functions and
interactions of all the DEGs. The top pathway enrichment from the analysis were
“Metabolic pathways” (556 DEG), “biosynthesis of secondary metabolite” (198 DEGs),
“biosynthesis of antibiotics” (150 DEGs), “autophagy - yeast” (59 DEGs), “RNA
degradation” (45 DEGs), “protein processing in endoplasmic reticulum” (61 DEGs),
“glycerolipid metabolism” (35 DEGs) and “tryptophan metabolism” (35 DEGs). Figure 5.7
shows the enriched KEGG pathways. Both the GO and KEGG enrichment support our
hypothesis that DEG were in fact involved in several of these processes and pathway such
as heat shock in stress response, metabolic pathway, protein transport and biosynthesis

of secondary metabolites.
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Figure 5.7 Top significant enriched KEGG pathways of differentially expressed gene

between high yield and low yield P. pulmonarius

5.3.5 Validation of DEGs by gPCR

To validate the results of the RNA-seq analysis, five genes were chosen to confirm the
expression by quantitative real time polymerase chain reaction (qPCR). The selected
genes were aspartyl protease, GTPase-activating protein S23, CATALASEI,
palmitoyltransferase and copper amine oxidase 1. Figure 1, 2,3 and 4 in Appendix 4 shows
the melt curve analysis of the 5 selected genes plus 2 housekeeping genes. These genes
were chosen due to their high log2 fold change value in both extremes (positive and
negatives with relation to KEGG pathways. For instance, GTPase activating protein gene
is highly upregulated in relation to KEGG term of tryptophan metabolism and copper
amine oxidase is highly downregulated in biosynthesis of secondary metabolite, while
also gene known for their important role in mushroom growth. These genes relative
expression show similar trends according to its log2 fold change results from the RNA-seq
analysis output (Table 5.4). The 2”*-(AACt) method calculate the relative gene expression
between samples. If low yield type has a higher gene expression value than high yield
type, this means the gene is downregulated and vice versa. Two upregulated genes,

namely aspartyl protease and GTPase-activating protein S23 show log2 fold change value
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of 14.15 and 11.94. While three downregulated genes, namely CATALASE1, copper amine
oxidase 1, palmitoyltransferase show log2fold change value of -10.92, -15.92, and -13.79
respectively. Figure 5.8 shows the heat map for the selected unigenes used in gPCR.
Electron transfer genes and GTP-binding protein were selected as reference genes
according to Castanera et al., (2015) . Additional information regarding the selected DEG

can be found in Appendix 5 — Table 1, Table 2 and Table 3.

Table 5.4 Differential expression of selected unigenes for gRT-PCR validation. One-way

anova test was performed to obtain the P-value.

Relative RNA-Seq
Gene name gene P-value P-value
) log2foldchange
expression

Palmitoyltransferase -1.2 0.63 -13.79 2.54°1>

Copper amine oxidase -2.5 0.007 -15.92 0

CATALASE1 -2.3 0.066 -10.92 0
GTPase-activating protein 1.03 0.83 11.94 8.26 12

Aspartyl protease 288 0.023 14.15 0
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Figure 5.8 Heat map of the RNA-Seq based on FPKM and on selected unigenes tested
using gRT-PCR validation. Yellow to green represent upregulation while red to black
represent downregulation. High yield types were arranged to the right side while low yield

types were on the left side.
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5.4 Discussion

The final yield in weight of mushroom crop is the most important traits to improve upon,
and therefore has been in the subject of multiple studies (Jeznabadi et al., 2016). Cross
breeding of mushrooms with good yield (Adebayo et al., 2013), or usage of an alternative
substrate such as wheat straw or cotton seed cake (Girmay et al., 2016) were commonly
used to improve the yield of Pleurotus spp. Based on the results in Section 4.3, we
observed that samples belonging to P. pulmonarius exhibit vast difference in growth rate
and final yield with a standardized substrate and growth conditions. These results
suggested that the differences in yield might be contributed by the differential expression
of growth-related genes. However, no studies on transcriptomics analyses of P.
pulmonarius of high and low yield have been performed. We performed comparative
transcriptomics analysis to study the differential gene expressed and molecular process
in between high yield and low yield P. pulmonarius. Our results will reveal genes which

plays a role in growth of P. pulmonarius and possibly other species in the Pleurotus genus.

From the transcriptomic analysis results, a total of 27449 unigenes were differentially
expressed in the two comparative groups, whereby 13707 unigenes were upregulated
and 13742 unigenes were downregulated in the high yield group as compared to the low
yield group (Figure 5.4). Further functional annotation using KEGG enrichment analysis
suggested that most (556) of the differentially expressed genes were implicated in
metabolic pathways, with the topmost pathway being the biosynthesis of secondary
metabolite, followed by biosynthesis of antibiotics, autophagy, RNA degradation, protein

processing in endoplasmic reticulum.
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5.4.1 Specific unigenes chosen from KEGG Enrichment Analysis

5.4.1.1 CATALASE1

A total of 35 unigenes were involved in the tryptophan metabolism pathway (Figure 5.9).
One of the highly downregulated unigene in this pathway is CATALASE1 [EC: 1.11.1.6].
Catalases are tetramer metalloenzyme and have three gene families, notably manganese
catalase, monofunctional catalase and bifunctional catalase (Zdmocky et al., 2012).
Catalase is made up of 4 subunits and generally functions as an oxidoreductase enzyme
by acting on a peroxide as acceptor. The main function of catalase is catalyzing hydrogen
peroxide to oxygen and water, essentially reducing oxidative damage and it’s considered
an antioxidant enzyme (Kwok et al., 2004). Not only that, but CATALASE1 also converts 3-
hydroxyanthranilate to cinnavalininate towards the later stage of tryptophan metabolism
pathway. Other than that, catalase in lignin degradation fungi such as Pleurotus may
protect ligninolytic peroxidases from inactivation by specifically by hydrogen peroxide

(Persky et al., 2002).

Usually, a single fungus can have more than one type of catalase, with different roles in
stress resistance and development (Chagas et al., 2008). For example, the ascomycta
fungi, Neurospora crassa, has 4 catalases, namely CATALASE1 and CATALASE3 which are
monofunctional catalase found in growing hyphae and conidia, while CATALASE2 is a
bifunctional catalase found in heat-stressed mycelia and CATALASE4 is a monofunctional
catalase with unknown role (Noguchi et al.,, 2007). In basidiomycetes, the button
mushroom Agaricus bisporus whole genome sequence has revealed 3 catalases

sequences (Morin et al., 2012).

The role of catalase in P. ostreatus was partly elucidated by Wang et al., (2017) at different
stages of development and in response to heat stress in mycelia. The author found that
CATALASE?2 performs a catalytic role in breaking hydrogen peroxide down during any life

cycle of P. ostreatus while CATALASE1 has an unknown function. The expression level of
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CATALASE1 was highly upregulated and continuous throughout the development stages
especially during spore stage. However, there is no catalase activity even with high gene
and protein expression. With its high level in spores, CATALASE1 expression appears to

be spore-specific only and it is an indication of its importance in sporulation.

Catalase has also been found to play a role in heavy metal mycoremediation in Pleurotus.
Cytosolic catalase and peroxisomal catalase were overexpressed in P. cornucopia and P.

ostreatus respectively under cadmium contamination (Xu et al., 2021)

In our results, the specific CATALASE1 was downregulated in high yield P. pulmonarius as
compared to low yield type. This may be due to presence of reactive oxygen species, as
catalase usually operate in high hydrogen peroxide concentrations (Diaz & Plummer,
2018), that is affecting the low yield type, hence the increase of CATALASE1 expression
which directed the resource and energy away from further growth. The possibility of heat
as a stress factor was minimized as the growth condition was constant in terms of
temperature and humidity. Another possibility is that CATALASE1 activity is negligible in
P. pulmonarius similar to P. ostreatus and it does not play a role in determining the growth
rate during cultivation. Notably, with its high fold change value based on RNA-Seq results,

it can be a potential biomarker for low yield P. pulmonarius.

While unlikely, the low yield P. pulmonarius might contain heavy metals which can inhibit
fungal growth (Li et al., 2017), hence the upregulation of catalase to combat the heavy

metal stress.

Additionally, P. ostreatus under heat stress has been shown to have increased overall
amino acid contents including L-tryptophan (Yan et al., 2020). The downregulation of
catalase in tryptophan metabolism according to our results, suggest that there could be
reduced metabolism of tryptophan in high yield P. pulmonarius which were cultivated at

low temperature.
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Figure 5.9 Tryptophan metabolism pathways from KEGG database. The red box indicates
known DEG that can be found in P. pulmonarius transcriptome in this study while green

box indicates known gene based on the basidiomycete Agaricus bisporus genome.

5.4.1.2 GTPase-activating protein SEC23

Other than that, the term “protein processing in endoplasmic reticulum” is also one of
the most enriched KEGG pathways with 61 unigenes (Figure 5.10). One of the upregulated
unigene in this pathway is GTPase-activating protein S23 (SEC23). The SEC23/24 helical

domain is one of the three components responsible for the formation of coat protein
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complex Il (COPII)- coated vesicle which carries protein from the endoplasmic reticulum
into the Golgi apparatus (Lederkremer et al., 2001). SEC23 functions as a GTPase-
activating protein (GAP) mediated by an arginine residue that is inserted into the active

site of Sarl.

While there are limited studies on GAP SEC23 specifically on the fungi kingdom, most
studies in relation to GAP on fungi were on small G protein (Ras). GAPs control small GTP-
binding proteins like Ras by boosting the G-protein's inherent GTPase activity, leading to
the molecule becoming inactive and bound to GDP (Boguski & McCormick, 1993). GAP
Ras in dikaryon S. commune has been found to influence both colony growth and fruiting
body development (Yamagishi et al., 2004). Furthermore, GAP controlling FgFab1 gene in
the fungus Fusarium graminearum were found to be vital in vegetative growth and
conidiation (Zheng et al., 2021). These GAP studies on these fungi may suggest that the
GAP SEC23 in P. pulmonarius functions in protein transport that regulates fruiting body
development and growth as supported by upregulation of GAP SEC23 in high yield type
(Zheng et al., 2021).
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Figure 5.10 Protein processing in endoplasmic reticulum pathways from KEGG database.
The red box indicates known DEG that can be found in P. pulmonarius transcriptome in
this study while green box indicates known gene based on the basidiomycete Agaricus

bisporus genome.

5.4.1.3 Serine palmitoyltransferase

The next enriched KEGG term is “Autophagy -Yeast” with 59 unigenes (Figure 5.11). The
most downregulated gene in this term is the P. ostreatus serine palmitoyltransferase
(YKT6). The pathway map shows that YKT6 plays a role in vacuole fusion. Furthermore,
serine palmitoyltransferase is also known to catalyse palmitoyl-CoA with serine and forms
3-keto-sphinganine during the initial steps of glycosphingolipid biosynthesis. Serine
palmitoyltransferase is an enzyme that is membrane-bound and located on endoplasmic
reticulum on the cytosolic side (Mandon et al., 1992). Glycosphingolipid (GSL) are

components of cell membrane, mostly present on the outer leaflet of plasma membrane
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with exposed carbohydrate head group towards the extracellular space. The role of GSL
have been associated with cell division, adhesion, and motility, signal transduction
pathways such as carbohydrate-carbohydrate interactions and finally control of cell

phenotypes (Hakomori, 2008).

Heat stress in the fungi S. cerevisiae activates serine palmitoyltransferase, which leads to
increase in sphingoid bases (Dickson et al., 1997). Furthermore, serine
palmitoyltransferase was also upregulated in reaction to stress such as damage to the
DNA and nutrient starvation, which in turns contributes to degradation of nutrient
permeases which is vital for growth (Chung et al., 2000). The role of serine
palmitoyltransferase is not well studied in basidiomycetes and specifically Pleurotus while
role of GSL is mostly studied in pathogenic fungi such as Crytococcus neoformans
(Guimaraes et al., 2014). Additionally, many studies on antifungal have targeted inhibition
of serine palmitoyltransferase due to its important role in GSL synthesis (Vicente et al.,
2003). This suggests that serine palmitoyltransferase plays a vital role in fungal

development and may perform similar roles in the growth of Pleurotus.
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Figure 5.11 Autophagy - yeast pathways from KEGG database. The red box indicates
known DEG that can be found in P. pulmonarius transcriptome in this study while green

box indicates known gene based on the basidiomycete Agaricus bisporus genome.
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5.4.1.4 Copper amine oxidases

The KEGG term “Biosynthesis of secondary metabolite” is the second most enriched term
with 198 unigene under this category. There are multiple other KEGG pathway under this
term including phenylalanine metabolism (Figure 5.12). The most downregulated unigene
in this term is the copper amine oxidase gene [EC: 1.4.3.21]. As the name suggests, copper
amine oxidases are an enzyme which utilized copper as a cofactor, which play a vital
aspect in basic cellular functions including respiration, elimination of harmful superoxide
ions, transportation of iron, and metabolism of amine (Festa & Thiele, 2011). Copper
amine oxidases have been identified in yeasts, fungi, bacteria plants, and humans
(MacPherson & Murphy, 2007). Copper amine oxidase catalase oxygen and amine into
aldehyde, ammonia, and hydrogen peroxide. Study on the fungi S. pombe shows that the
copper transport mechanisms including the copper amine oxidase enzymes play a vital
role in meiosis growth (Peter et al., 2008). While some studies have screened for copper
amine oxidase in other fungi such as Syncephalastrum racemosum (Hirano et al., 2016)
and Aspergillus carbonarius (Sugawara et al., 2015), these studies were lacking in the
elucidation of the functional characteristics of these enzymes in terms of fungal growth.
In addition, there are also no studies on copper amine oxidase in basidiomycetes as of
time of writing. However, copper amine oxidases have been widely studied in plants
model and shown to play a role in stress related growth response and wound healing

response (Cona et al., 2014).

120



PHENYLALANINE METABOLISW |

Phenylalanine, tyrosine and

u'yptghphanbmsty%ﬁ\esis
Tropane, ridine and _
p;m%rrl\: aﬁ“k%imdbiusynﬂms;s B S

L-Tymsine L Phengialanins
L] - T {51111 Dgh:—nwm
- 43.1.24][43125
} o trars 3 Hydosy
tra; nria be CINMENa’
| 23153 37 ¥ transCi e :
i — ;
F—— 11 52 [2615][2610] 451] 2a121] L
N e;_ | 25152 13131 [La111]
A Phenyl L phe rilalanine Phenyl- 2H -
| ethydamine pmpgxd\nata = ’)m&:gphmﬁ
| ¢ . 4 Hyrimaryphenl
I trans-3-Hydoxy ” 3
| Tasa] [41ta)[ari-] [Phemyipyrmate fate3 iy 111218 pwpamagph&
} tane|[ria) | EEEN[ 1452 i
Phenyl -
} acecaﬁehydg 113117 Y LAGLT [
Y
| ¥ S e
| Phengllactate
| 1215 ][t g
‘ Phengd trans-2,3-Dikydoxy- 23 Dilirroey-
| FPhenylacetate sthyfaleohol o %ﬁﬁ?&e ans 24T oy Eha mﬁte
| LiA1A5 ==~ Stywene degradation LELLS LELLIE
2 6-Dike 2-Hyrdroxyr6-oxonona- ¢y ) %Z "31"3'3“"?“““3'
o] ph'nﬁagﬁ.‘;y' ienedion 4-diene-1,9-dinate
Succinate
Phenyl Phensl- — i
slyoiylyl Cok glynr;y;]ﬂate Benzoyl-Cok < b
o—{31 2250121 53] #0— — [ Benzoste degradation 3 ce 2ttt
" Tt
2-Coepin-2(3H)- O 5 6o .
i o Spoogdyte. & [l
o {533 13| wC—{332 12 *O—{1 210 | O } PR
Q
2.(1,2-epoxy-1,2-dibordro- 3-Ox0-566-dehydr.°- | J.ofopentanoate
phexijare tol-Cos suberyhUnk semialdebgrde [231208] g eon
[41338] Pyt
Fheo Pheo 3-Onoadipl-Cok I ool ysi
- - O« C%—{ FaF O Acetaldeh
aretylglycing acetyi’éluhnum Dt } } Q el oyl
@)ty 22D
231174 adipyl- Cok Ha [
[ 12110
v v
g
Suscingl-Cok Leetyl-Caty

00360 12710721
(e} Kanghisa Lahoratories

Figure 5.12 Phenylalanine metabolism pathways from KEGG database which is under the
biosynthesis of secondary metabolite pathway. The red box indicates known DEG that can
be found in P. pulmonarius transcriptome in this study while green box indicates known

gene based on the basidiomycete Agaricus bisporus genome.

5.4.2 Aspartyl protease

Other than selecting genes from KEGG terms, one gene among the top upregulated gene
was also chosen based on their potential functions in terms of growth and other uses.
Aspartyl protease gene is highly upregulated in high yield type in the RNA-Seq results and
gPCR results. Aspartyl protease works by breaking down protein into amino acids and
small peptides, commonly known as hydrolysis. In Pleurotus, aspartyl protease is not

common as compared to other organisms and there are 16 different groups of aspartyl
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protease (Yin et al., 2014). Aspartyl protease is special enzyme and plays a role in
metabolism, cellular signaling and have special application in pharmaceutical and
chemical industry (Kudryavtseva et al., 2008). In fungi, aspartyl protease is involved in
germination and sporulation and appears to be involved heavily during the whole life
cycle of Pleurotus citrinopileatus (Cui et al., 2007). Production of aspartyl protease are
stimulated by the reduction of nitrogen content in the substrate (Watkinson et al., 2001).
This observation is further reinforced by Johnston et al., (2000) in which protease
production are detected in low nitrogen substrate. Multiple Pleurotus species also
produce aspartyl protease to aid in the ligninolysis process and at specific life cycle,
protease also degrades laccase enzymes (Cha et al., 2010; Cui et al., 2007; Palmieri et al.,

2000).
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Chapter 6: Summary, conclusion, and future prospects.

The three DNA barcode designed in this study has identified 16 P. pulmonarius and eight
P. eryngii among the samples in MARDI library. Construction of the phylogenetic tree
showed that the 16 P. pulmonarius were the same variant while the eight P. eryngii may
originated from two to three different variant. Among the three designed DNA barcode,
internal transcribed spacer (ITS) was the best for Malaysia Pleurotus identification as it has
high amplification rate and greater mean on interspecific variation than mean of

intraspecific variation (Chapter 3).

The antioxidant activities analysis showed that P. pulmonarius mycelial aqueous extract
had higher antioxidant properties compared to P. eryngii and other Pleurotus samples
mycelial. Interestingly, P pulmonarius fruiting bodies aqueous extract had a lower
antioxidant properties as compared to their mycelial counterpart. Proximate analysis of
fruiting bodies of P. pulmonarius showed high moisture and ash content, medium protein
content and low lipid content. MP35, MP42 and MP34 had the highest biological
efficiency out of the ten P. pulmonarius samples that managed to fruit, while MP34
possesses the fastest complete growth. Henceforth, MP34 was suggested as the highest-
ranked strain in this study for cultivation in the agriculture industry as it had the fastest
complete growth, third highest biological efficiency with an average antioxidant
properties. MP35, MP42 were considered as high yield as these samples had highest
biological efficiency while MP2 and MP12 were considered as low yield as these samples

had lowest biological efficiency (Chapter 4).

Comparative transcriptomics analysis of high- vs low-yield of P. pulmonarius samples
revealed that 27449 significantly differentially expressed genes (DEG) (padj < 0.05) which
included 13707 upregulated and 13742 downregulated genes among both samples.
Remarkably, heat map analysis provided a strong evidence of differential gene expression,
depicting sets of expressed genes that clearly distinguished between the high-yield and
low-yield groups, but were shared within their respective groups. This further supported

our hypothesis that gene expression contributed significantly to the underlying biological
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efficiency of P. pulmonarius. Kyoto Encyclopedia Genes and Genomes (KEGG) enrichment
analysis of DEG revealed top five KEGG pathways which were “metabolic pathways”,
“biosynthesis of secondary metabolite”, “biosynthesis of antibiotics”, “autophagy - yeast”,
“RNA degradation”, “protein processing in endoplasmic reticulum”, “glycerolipid
metabolism” and “tryptophan metabolism”. Pleurotus may produce antibiotics as part of
their defense mechanisms. These antibiotics can inhibit the growth of competing
microorganisms and protect the mushroom from infections during its growth. Protein
processing in endoplasmic reticulum pathway plays a vital role in generating functional
protein that might serves in Pleurotus growth and development through various cellular
functions. Tryptophan is an amino acid that served as a precursor for the synthesis of
various bioactive compounds. In Pleurotus, tryptophan metabolism contributed to the
production of compounds with physiological roles in growth and development. One gene
was chosen in each pathway for its high log2 fold change value in both extremes (positive
and negatives with relation to KEGG pathways) and gqPCR was performed to validate the
transcriptomic results. The selected gene were CATALASE1, GTP activating protein SEC23,
serine palmitoyltransferase, copper amine oxidase and aspartyl protease could be used as
molecular biomarkers to differentiate high and low vyield P. pulmonarius strain before

large-scale commercial cultivation to help save cost and time (Chapter 5).

One of the recommendations for future studies is to include P. eryngii in all the conducted
experiments. In the current study, the mushroom house used was unable to produce a
low enough temperature to induce the fruiting of P. eryngii. By including P. eryngii, we
could produce more data in terms of fruiting bodies biological efficiency, antioxidants and
phenolic contents which could serve as an additional biomarker to identifying high and
low yield P. eryngii. Furthermore, transcriptomics analysis of high vs low P. eryngii can
produce differential expressed genes which in turns can identified potential genes of

interest as additional biomarkers specifically for P. eryngii.

The second recommendation for future studies is to perform functional validation
through CRISPR/Cas9 gene knockout technology for the five identified genes. Knocking

out these gene and then cultivate the transgenic oyster mushroom could elucidate the
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gene specific roles and functions accurately in terms of yield, complete growth,
antioxidants properties and phenolic content of P. pulmonarius. The third
recommendation for future studies is to perform genomics and proteomics studies of the
current P. pulmonarius to further validate the current transcriptomic results. The genomic
sequencing of P. pulmonarius is also important as there is currently no reference genome
for this species. The identified five genes could also be tested on other Pleurotus species
to determine if these genes can differentiate between high and low yield in other species

other than P. pulmonarius.
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Appendix

Appendix 1

Table 1 Detailed identification BLAST results of Pleurotus sample based on ITS marker
gene from the aligned sequence of each marker gene.

Sample . % Accession Accession
Number Species .
ID Identity length number

1 MP5 P. eryngii 99.00% 1777 OL6e87127.1
2 MP11 P. eryngii 99.88% 1777 0L687127.1
3 MP14 P. eryngii 99.63% 1777 0oL687127.1
4 MP16 P. eryngii 99.88% 1777 OL687127.1
5 MP22 P. eryngii 99.88% 1777 0L687127.1
6 MP27 P. eryngii 99.88% 1777 0L687127.1
7 MP30 P. eryngii 99.88% 1777 OL6e87127.1
8 MP50 P. eryngii 99.63% 1777 OL6e87127.1
9 MP2 P. pulmonarius  100.00% 1542 AY450349.1
10 MP9 P. pulmonarius  100.00% 1542 AY450349.1
11 MP12 P. pulmonarius  100.00% 1542 AY450349.1
12 MP24 P. pulmonarius  99.88% 1542 AY450349.1
13 MP25 P. pulmonarius  100.00% 1542 AY450349.1
14 MP28 P. pulmonarius  100.00% 1542 AY450349.1
15 MP31 P. pulmonarius  100.00% 1542 AY450349.1
16 MP34 P. pulmonarius  100.00% 1542 AY450349.1
17 MP35 P. pulmonarius  100.00% 1542 AY450349.1
18 MP36 P. pulmonarius  100.00% 1542 AY450349.1
19 MP41 P. pulmonarius  100.00% 1542 AY450349.1
20 MP42 P. pulmonarius  100.00% 1542 AY450349.1
21 MP43 P. pulmonarius  99.89% 1542 AY450349.1
22 MP51 P. pulmonarius  100.00% 1542 AY450349.1
23 MP52 P. pulmonarius  100.00% 1542 AY450349.1
24 MP53 P. pulmonarius  100.00% 1542 AY450349.1
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Table 2 Detailed identification BLAST results of Pleurotus sample based on IGS1 marker
gene from the aligned sequence of each marker gene.

%

Number SampleID  Species . Accession length  Accession number
Identity

1 MP5 P. eryngii 99.72% 922 KF743840.1
2 MP11 P. eryngii 100.00% 922 HM998804.1
3 MP14 P. eryngii 100.00% 922 HM998804.1
4 MP16 P. eryngii 100.00% 921 HM998784.1
5 MP22 P. eryngii 100.00% 922 HM998804.1
6 MP27 P. eryngii 100.00% 921 HM998784.1
7 MP30 P. eryngii 100.00% 921 HM998784.1
8 MP50 P. eryngii 100.00% 922 HM998804.1
9 MP2 P. pulmonarius  98.75% 791 AB234031.1
10 MP9 P. pulmonarius  98.00% 791 AB234031.1
11 MP12 P. pulmonarius  99.09% 791 AB234031.1
12 MP24 P. pulmonarius  99.71% 791 AB234031.1
13 MP25 P. pulmonarius  99.44% 541 JX271868.1
14 MP28 P. pulmonarius  98.91% 791 AB234031.1
15 MP31 P. pulmonarius  98.71% 791 AB234031.1
16 MP34 P. pulmonarius  99.43% 791 AB234031.1
17 MP35 P. pulmonarius  99.57% 791 AB234031.1
18 MP36 P. pulmonarius  99.72% 791 AB234031.1
19 MP41 P. pulmonarius  99.42% 791 AB234031.1
20 MP42 P. pulmonarius  99.72% 791 AB234031.1
21 MP43 P. pulmonarius  99.71% 791 AB234031.1
22 MP51 P. pulmonarius  99.08% 791 AB234031.1
23 MP52 P. pulmonarius  99.07% 791 AB234031.1
24 MP53 P. pulmonarius  98.91% 791 AB234031.1
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Table 3 Detailed identification BLAST results of Pleurotus sample based on rpb2 marker
gene from the aligned sequence of each marker gene.

Number Sample Species % . Accession Accession number
ID Identity length
1 MP5 P. eryngii 100.00% 1965 KU727131.1
2 MP11 P. eryngii 100.00% 1965 KU727131.1
3 MP14 P. eryngii 100.00% 1118 HG964261.1
4 MP16 P. eryngii 99.88% 1965 KU727131.1
5 MP22 P. eryngii 100.00% 1965 KU727131.1
6 MP27 P. eryngii 100.00% 1965 KU727131.1
7 MP30 P. eryngii 99.88% 1965 KU727131.1
8 MP50 P. eryngii 100.00% 1118 HG964261.1
9 MP2 P. pulmonarius 99.12% 2164 JQ513872.1
10 MP9 P. pulmonarius 99.24% 2164 JQ513872.1
11 MP12 P. pulmonarius 99.27% 2164 JQ513872.1
12 MP24 P. pulmonarius 99.13% 2164 JQ513872.1
13 MP25 P. pulmonarius 99.06% 2164 JQ513872.1
14 MP28 P. pulmonarius 99.12% 2164 JQ513872.1
15 MP31 P. pulmonarius 99.06% 2164 JQ513872.1
16 MP34 P. pulmonarius 98.98% 2164 JQ513872.1
17 MP35 P. pulmonarius 98.89% 2164 JQ513872.1
18 MP36 P. pulmonarius 98.94% 2164 JQ513872.1
19 MP41 P. pulmonarius 98.93% 2164 JQ513872.1
20 MP42 P. pulmonarius 99.13% 2164 JQ513872.1
21 MP43 P. pulmonarius 99.13% 2164 JQ513872.1
22 MP51 P. pulmonarius 99.05% 2164 JQ513872.1
23 MP52 P. pulmonarius 99.02% 2164 JQ513872.1
24 MP53 P. pulmonarius 99.06% 2164 JQ513872.1
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Figure 1 Scatter plot of DPPH % reduction againts various concentrations of MP2, MP9 ,
MP12, MP28 and MP34 fruiting bodies aqueous extracts.
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Figure 2 Scatter plot of DPPH % reduction againts various concentrations of MP35, MP36
, MP41, MP42 and MP43 fruiting bodies aqueous extracts.
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Figure 3 Standard calibration curve of Absorbance 590nm against increasing
concentrations of ferrous sulfate heptahydrate used for FRAP analysis.
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Figure 4 Standard calibration curve of Absorbance 765nm against increasing
concentrations of gallic acid used for total phenolic content evaluation.
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MP42 R1 MP42 R2 MP42 R3
RIN: 5.20 RIN: 5.40 RIN: 7.70
[FU] [Fu] [Fu]
20 20 : 20
10 10 10
i} . 0 . ] 5
T T T T 1 T T T T T 1 T T T T T 1 T
5 200 1000 4000 [nt] 25 200 1000 4000 [nt] 25 200 1000 4000 [nt]
MP35 R1 MP35 R2 MP35 R3
RIN: B.10 RIN: 7.70 RIM: 7.70
[Fu] [Fu] [Fu]
40
0 "
- 20
20 10
T T T T T T T T T T 1 T T T T T T T
35200 1000 4000 [nt] 5 200 1000 4000 [nt] 35200 1000 4000 nt]
MP1Z R1 MP12 R2 MP12 R3
RIN: 7.50 RIN: 8.50 RIM: B.50
[FU] [FU] [FU]
40
04 | -
) 0 0
4 .
[¥] b 5 [i] L — [i] » - u
T T T 1 T T T T T T T T T T T 1 T
25 200 1000 4000 [nt] 25 200 1000 4000 [nt] 25 20 1000 4000 Int]
MP28 R1 MP28 R2 MP28 R3
RIN: 8.10 RIN: 7.90 RIN: 7.60
[FU] [Fu] [Fu]
m
20 20
10
T T T T 1T T T T T T 1 T T T T T 1T T
25 200 1000 4000 [nt] 25 200 1000 4000 [nt] 25 200 1000 4000 [nt]

Figure 1 Electropherograms of RNA samples of high and low yield P. pulmonarius

158



[FUI 4

304
25+
20
154

]_C -

MP42 R1

25

I I I
200 500 1000 2000 4000

MP42 R2

&7
el
L Lo

T

[nt]

25

200 500 1000 2000 4000

[nt]

Figure 2 MP42 Replicate 1 and Replicate 2 Electropherograms with inaccurate pink and
green line position.

159



[FUl4

30

10

MP35 R1

e

N
Y
-

1 (B4

[FU]
30

257

25

T T T T T
200 500 1000 2000 4000

MP42 R3

[nt]

25

T T T T I
200 500 1000 2000 4000

Figure 3 MP42 Replicate 3 and MP35 Replicate 2 Electropherograms with pink and green
line position at the base of 18S and 26S peaks respectively.

160

[nt]



Appendix 4
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Appendix 5

Table 1 Detailed NGS results of the selected five DEG with its appropriate annotation NT: NCBI blast, PFAM (The prediction of protein

structure domain).

Study Log, fold Fold FDR p-
Gene name ID change change P-value | value Bonferroni NT Pfam
Pleurotus ostreatus Copper amine
uncharacterized protein oxidase, enzyme
Copper Amine Oxidase 640 -15.9219 -62081.1 0 0 0 | (PC9H_003002) domain
Pleurotus ostreatus Regulated-
2.22E- | 2.54E- palmitoyltransferase SNARE-like
Palmitoyltransferase 10258 -13.7924 -14188.3 16 15 1.84E-11 | (YKT6) domain
Pleurotus ostreatus
GTPase-activating 9.19E- | 8.26E- GTPase-activating protein | Sec23/Sec24
protein S23 10629 11.94306 | 3937.477 13 12 7.6E-08 | S23 (SEC23) helical domain
C-terminal
Pleurotus ostreatus domain found in
CATALASE1 3921 -10.9168 -1933.25 0 0 0 | catalase 1 mRNA long catalases
Pleurotus ostreatus Eukaryotic
uncharacterized protein aspartyl
Aspartyl protease 885 14.14762 18149.26 0 0 0 | (PC9H_009941) protease
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Table 2 Detailed BLAST results of the selected genes.

Query | E- % Accesion
Gene name ID Description Score | Cover | value | Identity | Length Accession Number
Copper Amine Pleurotus ostreatus uncharacterized protein
Oxidase 640 | (PC9H_003002) 1519 99% 0| 88.03% 2208 | XM_036772602.1
Pleurotus ostreatus palmitoyltransferase
Palmitoyltransferase 10258 | (YKT6) 652 64% 0| 93.37% 603 | XM_036771556.1
GTPase-activating Pleurotus ostreatus GTPase-activating protein 2.00E-
protein S23 10629 | S23 (SEC23) 536 99% 147 | 90.77% 2295 | XM_036777882.1
7.00E-
CATALASE1 3921 | Pleurotus ostreatus catalase 1 mRNA 588 83% 163 | 86.86% 2238 | MH645357.1
Pleurotus ostreatus uncharacterized protein
Aspartyl protease 885 | (PC9H_009941) 1760 44% 0| 88.60% 1455 | XM_036779438.1
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Table 3 Sequence data of the five differentially expressed gene.

Gene name

Sequence

Aspartyl protease

CTTTAAAGTCGACACTCGTTTCTCGCCACTGCCTATGCCGCAACCTGCAAAATAATCCGA
AACTCAAACACCATGTTGCCCCAGGCGTTGTTTCTTCTGCTAGCGGCTTTCCTGGCGCCC
CCCCTGCAAGTTTATGGCACAGTATCGACACGGCATGCAGTCCCCTTCGCGCAGCACATC
TCGCTGCCTGCTCTTCCAGGGTCATCTCCTCGAATACGGAAGCGAGCTATGAACGAAACT
AATATCGGAATAGCGTCTGCTACTCTGGCGAGCGATGGACAATCGTATTATTCGATTATC
GAGGTCGGCGGGATGAATTTCAGGGTGGCTTTGGACACCGCATCGTCAGATCTATGGCTT
GCATCTTCTGCGTGCACCACGGAGACTTGCAATGCCATCCCGAGGTACCCTCTCTCGTAC
GAGAGCCCCTCGTTCGCAGCCGTCAATGGGAACCAAACTGCCTTCAATGCTAGCTACGCA
GACGGGACATCTTCCAACGGCTTCGTCGCTCGCGAAAGGGTGACTTTGGCGAATTTAACC
ATCCCGGATCAGGCGCTGGGAGTCATCACGGATTCGAATGTCACTCTTACGGACAGAACG
ACTGGGTTACTTGGGCTGGGCTTCCCGCGTCTATCTGGCGTGAATCAAACGGTTACAAAT
TCTACGCCATTCCTAGTCAACCTGGCGCAACGAGGCCTCTTGGAATACCCCTTGTTCGGC
CTTCATCTAACTAGAAACACCTCCGGCACGATTTCGATTGGTGCTATCGATGCGTCCGTT
GTAATGCAACCAGCCAATATCTCATGGAACCCAGTTGTCCAATTTGCCCCCTTTGCATCT
GAAAGTAATGTATCTTCGTATCTCCAATGGGCCATCCCCTTAGGCGGATTCTCTGTAAAC
CATACTCAGTTGGCACCAATGCCAACATATACCAATGTCACACACAATATGTCTATTGCC
TTGATCGACATAGGAACACCTGGTTTATACGGCCCTTTCCAAGATGTCTCCCGCCTTTTC
TCATTGATTGATGGAGCCCGGCTTGTTGACAGCTCTGGACAATGGGCTATCCCATGTGAC
ACTTCTGTACCGATATCGTTCACTTTCGGCGGCGTGAGTTATGATCTACAAGCATATGAA
TATATCGTCGGCCCCGCCGCTGGTAACCCGAATCTTTGCCTGAGCTGGCCCATGGCTGCG
CCGCTCAGCTCAGACGGAATTGACTGGCAAATCGGTGCCAATTTCCTGCGCAGAGTATAC
TCGATCTTCAGCTATGGTATCAACCGCAAGGAACCCCCGATGATCGGCTTCTATTCCCTC
CGCAACCAAACAGCTGCGTCGTCGCCCGTAGACGCAGTGTCCTCCATATTCGAGATCATC
TCCGGTATATCCACGGTCGCCACCACCCTCCCCAACTTCCCGCTCCCCACGCCGACCTTC
ACCACTCCCCCCTACGCATTTAACACCTCAGTCCCCACCTCGAACGGCGGCATCGTATCC
TCCGGATTAGCGACAAGCACGTATAGGCCGGTTTTGGGCGGCCCCAATGGCGTCAATGCG
TCCGCTATACCGACGATTTCTCCGAAACCGGCGCTGCAGACGTTGATTATGACGGATGCG
CAGGGCTTGCTGACGACTTCCACTAAAACACTGGAGGAGCCGACGGTGACTTTGGCCCTG
CCGCCGGGATGGAATGCGGCGCCTTGCATACGTGTTAATTCGTTTGCCGTGTTGTTAATG

167



TTTATGCTGTCGTGCACTTGGTTGGTTCTGTAGATGGACTTCGTTCTAGTAGTACATAGT
AAATATTGATGTATATCTTCTCAGCATTTCGTACATAAGGACTTTCGTAGATATATACGA
GTAATCATCATTTGGTTCAGGCAGGAACTAGAAGACTAAAGTGCGAGTAAGTATCCATCG
TTGGAACATTTTGCGCCCATACGGTGTCCCATTACTAAGTATCTGAATATTGAACGTGGA
ACATTGGTCAGTAGTTAGTATCCCAAAACTCAAGCAGACACAACATTCATAAGAAACTAC
AAAGATACAGCAATAATGATATTTACTATTCCGGTCTCCAGCATATGTTGTTCGTACGCA
ATATATAAATCATCTACATATCCCATTCATCCCACATCCCGGGTTGGCTAGATGCAGATG
CGGGAGTGGCGGCAGTGCTTTGAATCTCCACCGTCGGCTCCAGCGCAACGACTTTCTCCC
TTGAGTTTGTATCATCCTTGCTGTTCTTCATAGCTATCAACGTGACATCTTCGAATTCGC
CCTGCAAGGGACCGCTATAGAGCAAGCGGATATCATTTGCTTCGATGACTTGTACAAGAC
GCGCCGACTCGATTTCGCGGACTTCGATGAACGACGCTGAGAAGAGGAGGATGTGGGGTC
CGCGGTGAGCGTACGAAGTTGCTTTTGTCTCCCATTTGATGTACCCAGATTTCCGTCGAG
GGACTCCGTGTTTCGAGATGTAGCAACCCAAGGTATCATATATGACCAGCAATTCCTCAT
CATTACTACGCACCAGGCCCAGCGGCCTCGCATCCGAAGTGTGTTCTTTGAGATCAGCCA
TGGGCGGATCCTTTATTGCATCAGAGAAATCAGGAACAAGTCTGATCTGCGATTTGGCGA
CGTTTGTAGGATCCGCAATTACTATGGCCTCGGCAGTGCAAACGCCAATTGTCTTGACGA
GGACCGTCACATCATGTGCGTCTTTAGGTATATAGCCGGGCTCGCCCAACGGTCGAAATG
ACATGGTGGGGCCACTACGCCTGGGCACCGTGGCAGTCGCGCCAACGTCAACTGCTTCAA
GTACATTGAGGCTGAGGGAAAGGCTCAATGTCTTTCTGGAGGCGTATATCACTAGCATCC
GTTGGCCAACCTTCGCATGTTTAAAGAACAACACATTCCCCGTGCCGGCACTAGAATCAC
TGCCGGCGATATGCTCCAATGAAGCATCCAACGCCCGTTTTGGTGCATCCCCCAGAGCGA
CGCGAGCGAGTATGTCCAGCGAATAAGACACTAAGGATGTGTCATAATGAACGAGGAACT
TATTGAAGTTCTTTTCGCCTAGGGACTGAATTGCCGCCATGGAAATCGGGTTGTTGTAGC
CGAGTACTCTGCGGAACGCTTCATATTGTGCTCCGTCACCCTTCGGAGCCACAAATATCC
CAGTAGTGCAGCCCACGGCGATGAATTTTTTGCCGCTGCTGACGAATGGTACCGCACACA
CTATCCTT

CATALASE1

CAGGCGCACCTGCAGAGCGCGCTCGCCTTCGAGCTCAGCCACTGCGAGGACCCGATTGTA
TACCGCAACTACATCAACGTTCTCAACAATATTGACTATGAACTCGCCAAATACGTCGCA
GTCGCCGTGGGTGGCGACGTCCCCGATGCTCCAGGGAAGCAGAACGAGGGGCACAAAAGC
GCGAAACTAAGCCAAGTGTACTACGCACCGAAGGAACCGACCATCAAAGGCCGGCGCGTT
GCCATACTGCTGGCGGACGGCTTTGATAAGGCGGAGGTTGTGGGTATCAAAGCGCTCATT
GCATCTGCGTCGGCGAATGCGTTCGTTATTGGGCCGAGGAGGGGGAAGGTCTTTGCGGCC
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GGCGAGAAAATTGGTGTCGAGGGAGGTGGGATCGATGCAGATCATCACTTCGAAGGTCAG
CGCAGTACGATGTTTGATGCGCTCGTTATTCCCAGTGGGGAGCATGCCGCTCTGTTGATG
AAGAGTGGGCGCGCTGTTCATTGGCTGAGGGAGGCATTCGGGCATTGCAAGCCAATAGGC
TTTGAAGATGACGCTGAATATTGGGGAGAAAGGATTCATGGAAAGGTTCGCCTTCGAGCT
TAGCAAGCATAGGTGCTTCAAGAGGGAGG

GTPase-activating protein S23

CGTGGGCTCATCCAATTCGTCACGCATTACCAACATTCGTCTGGTCAACAACGTCTTCGT
GTTACGACTATTGCTCGCAACTTCGCTGAAGCAAACGCGCCAAGTATCGCGGCCTCATTC
GACCAAGAAGCTGCCGCCGTTCTCATGGCTAGGATCGCGGTCTTCAAGGCCGAGATTGAC
GACTCTCCGGATGTCTTGAGGTGGCTGGATCGTATGCTTATCCGGCTGTGCCAGAAATTC
GCCGACTACAGGAAAGAAGACCCAACGTCGTTCAGGCTGACGGACAATTTCAGTATTTAT
CCTCAGTTCATGTTCCATCTCCGCAGAAGTCAGTTCCTACAGGTGTTCAACAACAGTCCG
GACGAAACAGCGTTCTATAGACGCGTACTTAACGAAGAGGATGT

Palmitoyltransferase

ATGAAACACCGCTCCATCGAGGACTGCTTCTTGAATATTTCACTACTCATTGTAAGTGTC
AATTGTCCTCCCGTTAGAATTGCCTCGCAAATCTACGGCCCAGAAAGCTATAATTGTATC
CTCATAGGGGCAGCATAGGAGCGGTCTAATATGGCAACGGATAAGCGCCTTGGCTGCGCC
TCATTGCCAGGCAGCAAGACGGTAACTGGGCAGCAACCTCTCAAGACATCCACCATGGTC
AAGATCTTCTCTCTCTCCGTCGTTCTTGCGCCTCCGTCGGGTTCTTGCACTGTTCTCAGC
AATGCCACCGATCTTTCTTCATTTTCTTTCTACCAGAGAGGCTCCGTTGGAGAGTTCATG
ACCTTCCTCTCCCGAACGGTCGCAGAACGGACCCCTCAAGGTCAGCGCCAGAGCGTCCAG
GAGAACAATTACGTTGCTCACGTCTACAACCGTGGCGGAGCCGAGCAACTTGCGGCTGTG
ATCATCACCGACCAAGAGTACCCTGTTCGGCCTGCCTTCTCCCTGCTCACCAAGATTCTG
GACGACTTCACTGCCAAAGTCCCGCAGTCTTCCTTCTCCAATCCATCGGCCATCAGCTTC
TCTGAAATCAATGGTTACATCCAAAGATATCAGGACCCTCGTCAGGCTGATACGATCATG
AAAGT

Copper Amine Oxidase

TATTGTGATGGTTGGTCCATTGGCTACGACGAACGGTTCCCTCAGAGCAGGCGGGTGCAA
CAGGCGCTAGTGTTCGCTCGGTATGGTCAGCACGAGAACCTGTACGCCCACCCCTTAGAC
TTTGTGCCCGTCATTGACGCCAATACAGAAGAGGTACTGCATGTCGACTTTCCACCAGTG
TGGAAACCTTCGCCCAATGGGCCCGTATTATCCGTGAAATCCACTGCGCCCCCAACGCCG
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TTGCCAACCCCACAGGATGCCTTCGCCTTCGCGAACAGGGACCGAATCCCTCCCCCGGTC
AAGAAATTCGACTTCTTACCGGACTTGATGAAAGAGAATGACCCAGAGTTTAAACCGCGC
GACGATATCAAGCCGCTGCACGTCGTACAGCCCGAAGGCGTGAGCTTCAAGATGAATGGG
CATGAGCTCGAGTGGCAGAATTGGAAGATGCACATCGCTTTCAGCCACAGGGAAGGTTTG
GTCCTTTCGACTATCACCTATAACGATCATGGTGAAGTGCGGCCGATTTTCTACCGCCTG
TCCCTCGCGGAGATGGTTGTACCGTACGGGGCGCCGGAATATCCTCATCCAAGGAAGTTT
GCGTTTGATTCTGGCGAATACGGAATGGGAACGATGGCAAATGAATTGTCCCTAGGATGT
GATTGTCTGGGACAAATCCATTATTTACCCGGAGCATTCGTGTCGCATGCCGGAACCGCC
ATCGTTATTAAGAATGTCATCTGCATCCACGAGGAGGATGCTGGTGTCCTTTGGAAGCAT
ACGGACTACCGGCCTGACGGTCGCTCACAAACCGTTCGGAGGCGAAGGCTCGTCGTCAGC
ATGGTCTGCACCCTTGCAAATTACGAGTACATCTGGAATTACCACTTCTATCAGGACGGC
ACCATCGAGTTCGAGATCAGACTGTCTGGCATCCTCCAGGTCTACGTTTCAGCTGACGGC
GAACCCAATCCCCATGGTACGACTGTGGCGCCGAATGTCAACGCGCATTATCACCAACAT
TTATTCTGTGTCCGCGTTGACCCCATGGTGGACGGGCTGAATAATTCAGTCATCGAATCT
GACATCATTCCATTACCAGAGCCGAAGGGATCCGCGACGAATTATGGCGGTAACGGATTT
ATCTCAATAGATACTCCTCTCAAGACCGAGGCGGGCCGTCCATATGACTTTGCGAAGGAG
CGCCGATGGAGGATTGTCAATCCATCGAGGAAGCACTACGCTTCAGGAAAGGACGTGGGG
TATTCCCTTGGTGTGAAGGGCGGCGT
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