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Abstract 

Cattle paunch contents are the recalcitrant, lignocellulose-rich feed found in the rumen of 

cattle. To improve the microbial degradation of paunch solids during AD, pre-treatments 

can be effective. While physicochemical treatments can increase biomethane production 

from cattle paunch contents, biological pre-treatments e.g. enzymatic can require less 

energy, uncomplicated equipment and operating conditions, can be more targeted and 

controllable, recycling of chemicals after the treatment is unnecessary, downstream 

processing is low-cost, and there is very little, or no, inhibitor formation. Despite this, 

paunch contents have not been pre-treated biologically to-date outside of the rumen. 

Therefore, this thesis focused on developing a novel biological pre-treatment for cattle 

paunch contents, to improve their biodegradability during AD and thereby increase 

biomethane production. Lignocellulolytic fungal secretomes were characterised and 

applied in the saccharification of paunch contents, and were from strains of 

Emericellopsis maritima, Penicillium chrysogenum, P. antarcticum and Talaromyces 

stollii isolated from deep-sea sediments, an extreme environment, in the North Atlantic. 

Extremophiles can produce more robust proteins than those produced by their terrestrial 

counterparts, as a direct result of their inhospitable natural environment. The T. stollii 

SFI-F17 secretome demonstrated remarkable levels of exo-glycoside hydrolase activity, 

and was superior to the others in its ability to saccharify paunch contents. Therefore, the 

pre-treatment of three compositionally different lots of paunch contents was investigated 

using the T. stollii SFI-F17 secretome and/or rumen fluid, which is rich in 

lignocellulolytic microbes, to determine if the they could improve the biomethane 

potential (BMP) of the paunch contents. A BMP test carried out over 50 days revealed 

that, when both rumen fluid and the T. stollii SFI-F17 secretome were used, the BMP 

increased by 104.68%, 104.84% and 83.24% compared to the controls. When pre-treated 

with just the T. stollii SFI-F17 secretome, the BMP increased by 44.58%, 74.47% and 

101.35% compared to the controls. Finally, whole de novo shotgun sequencing of T. stollii 

SFI-F17 and characterisation of its Carbohydrate Active Enzyme (CAZy) repertoire 

showed that it encodes 605 CAZymes out of 11,458 genes, of which over 200 were 

predicted to be involved in lignocellulose degradation. These included 366 glycoside 

hydrolases (GHs), 115 glycosyl transferases (GTs), 28 carbohydrate esterases (CEs), 7 

polysaccharide lyases (PLs), 78 auxiliary activities (AAs) and 84 carbohydrate-binding 

modules (CBMs). 



1 

 

Chapter 1: Introduction 

Climate change is having a devastating impact on the planet. Of the thirty-five planetary 

vital signs that are tracked each year, twenty-five are at record levels. These include an 

increase in the number of jurisdictions that have declared a climate emergency, an 

increase in global tree losses due to fires, an increase in ocean acidity and heat content, 

sea level increase, ice mass decrease in Antarctica and Greenland, glacier thickness 

decrease,  methane, carbon dioxide and nitrous oxide level increases, and an increase in 

surface air temperature. As well as this, coal and oil consumption are at an all-time high, 

as are fossil fuel subsidies and the greenhouse-gas emissions that are covered by carbon 

pricing. In 2023, while there was an increase in renewable energy usage, with wind and 

solar power increasing by 15% on 2022 usage, fossil fuel consumption was still ~14 times 

higher than that of wind and solar energy, respectively. Furthermore, while renewable 

energy made up 14.6% of energy production in 2023, 81.5% was produced from fossil 

fuels (Energy Institute, 2024). While it is no longer possible to avoid climate disaster, 

there is still scope to limit the damage inflicted by human-driven climate change (Ripple 

et al. 2024). 

A way to limit the damage inflicted by climate change is by replacing the use of fossil 

fuels with renewable alternatives. These alternatives include wind energy, solar energy, 

hydro energy and bioenergy (Bertram et al. 2021). Bioenergy is produced from 

lignocellulosic biomass, which is the most abundant renewable source of carbon on the 

planet (Shrestha et al. 2017). Lignocellulose is the recalcitrant fraction of plant cell walls, 

and is composed of cellulose, hemicellulose and lignin (Figure 1.1). Cellulose is a 

homopolysaccharide consisting of repeating β-D-1,4-glucose units, with inter- and intra- 

molecular hydrogen bonds and Van der Waals interactions stabilising the individual 

polymers in microfibrils (Hatfield et al. 2017; Ojo, 2023). The cellulose microfibrils are 

embedded in a matrix composed of hemicellulosic polysaccharides, lignin and protein. 

Hemicelluloses are branched heteropolysaccharides composed of xylose, glucose, 

galactose, mannose, arabinose and carboxylic acids e.g. glucuronic acid, with the various 

sugar monomers changing in quantity depending on the plant (Kumar Mishra et al. 2022; 

Ojo, 2023). Lignin is a complex amorphous polymer that acts as the ‘glue’ within the 

lignocellulose matrix, binding the hemicellulose to the cellulose fractions of the cell wall, 

resulting in its recalcitrancy. It is a cross-linked macromolecule consisting mainly of the 
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phenylpropanoid monomers p-coumaryl alcohol, sinapyl alcohol and coniferyl alcohol 

(Lourenço and Pereira, 2018; Ojo, 2023). The proportions of cellulose, hemicellulose and 

lignin varies between plants, usually with cellulose ranging from 30-70%, hemicellulose 

between 18-50% and lignin between 5-26% (Yin and Wang, 2022). However, trees in 

particular tend to be more lignified than monocots (like ryegrasses), for example 

(Lourenço and Pereira, 2018).   

 

Figure 1.1: Structure of lignocellulose. Reproduced from Sankaran et al. (2021). Creative Commons 

License: https://creativecommons.org/licenses/by/4.0/

Lignocellulosic wastes are abundant and sustainable sources of bioenergy and include for 

example forestry waste (Karimipour-Fard et al. 2024), food waste (Sanusi et al. 2022) 

and agri-wastes (Dowd et al. 2022). Agriculture in particular is an important area to 

reduce waste and greenhouse gas (GHG) emissions for countries with relatively large 

amounts of agricultural production, like Ireland, for example. In 2023, 36.2% of Irish 

GHG emissions were from agriculture, making up 46.5% of Irish non-EU Emissions 

Trading System (ETS) emissions (Figure 1.2). Non-ETS emissions are GHG emissions 

from cars, homes, agriculture and small businesses, and are important because Ireland has 

a legally binding target of reducing its non-ETS emissions by 42% on 2005 levels by 

2030. While in 2020 there was an overall non-ETS emissions reduction of 7% on 2005 

levels, there was an increase in 8% of agricultural related non-ETS emissions (Sustainable 

Energy Authority of Ireland (SEAI), 2025). Therefore, for countries with relatively large 
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agricultural industries such as Ireland, new strategies to reduce agricultural emission 

outputs are essential to come close to mandatory emission reduction targets.    

 

Figure 1.2: Share of GHG emissions (%) produced in Ireland from ETS and non-ETS sources, 2023. Pie 

chart reproduced from SEAI, 2025.  

One abundant, low value and energy-rich agri-waste is cattle paunch contents, produced 

by slaughterhouses worldwide. Paunch contents are the recalcitrant, partially digested 

solids emptied from the stomachs of cattle after slaughter (Dowd et al. 2022). In Europe, 

about 70% of pastureland is made up of perennial ryegrass (Lolium perenne) and Italian 

ryegrass (L. multiflorum) (Fowler et al. 2003). Therefore, the majority of paunch contents 

in Europe are composed of these feedstuffs. The composition of paunch contents 

lignocellulose varies and has been reported as 13-30% cellulose, ~30% hemicellulose and 

8-50% lignin (Dowd et al. 2022; Bai et al. 2023; Chapter 4-Table 4.4). The hemicellulose 

fraction of grasses is composed of a β-1,4-xylan backbone branched with α-1,2- or α-1,3-

linked arabinofuranose or galactose units and α-1,2-glucuronic acid units, as well as β-

glucans. Ferulic acid and p-coumaric acid also link to the α-1,3-linked arabinofuranose 

units in grass cell walls, thereby crosslinking the lignin fraction of the cell wall to the 

hemicellulose fraction (Hatfield et al. 2017; Sun et al. 2021) In 2023, there were 



 

 

4 

 

 

309,870,057 cattle slaughtered globally (FAOSTAT, 2025). As there is approximately 

(approx.) 4.68 kg of paunch contents dry matter (DM) produced per head of cattle (Dowd 

et al. 2022), there was therefore approx. 1,450,191.9 DM tonnes of cattle paunch contents 

produced globally in 2023. 

In Europe, until recently, paunch contents were disposed of by being sent to landfill 

(Dowd et al. 2022).  However, since the introduction of the Best Available Techniques 

(BAT) guidelines under the Industrial Emissions Directive 2010/75/EU, the most 

common practice is currently to spread paunch contents on designated agricultural land, 

subject to veterinary approval and the nutrient needs of the soil (Karlis et al. 2024). 

Additionally, both composting and AD are considered to be BATs and allow for resource 

recovery, while landspreading does not. However, paunch contents by themselves do not 

fulfil the compositional requirements for optimal composting, and therefore are 

sometimes composted in combination with another slaughterhouse waste e.g. sludge or 

blood (Karlis et al. 2024). Furthermore, while composting can produce a high nutrient 

fertiliser, there are GHG emissions released from the process, similarly to landspreading 

(Lin et al. 2018). AD, on the other hand, allows for the production of bioenergy from 

paunch contents and/or other slaughterhouse wastes, while at the same time reducing 

solids content of the waste, which can then be composted or landspread (Dowd et al. 

2022; Karlis et al. 2024). 

While it has been shown that AD of paunch contents either alone or in combination with 

other waste products can produce biomethane (Buendía et al. 2009; Browne et al. 2013; 

Ware and Power, 2016), a number of issues with the process remain. The major bottleneck 

in the AD of paunch contents is its recalcitrance. Currently the AD of paunch contents 

results in recalcitrant residual paunch waste being left at the bottom of the digester at the 

end of the process. Over time, this residue can build up and become as hard as low-density 

rock causing blockages that require an auger for removal (Witherow and Scaief, 1976; 

Ricci, 1977). A way to overcome this bottleneck is the development and application of a 

pre-treatment that reduces the recalcitrance of the paunch contents, allowing for its 

improved digestibility during AD.  
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To-date, only three studies have reported on the pre-treatment of cattle paunch contents 

prior to AD. Nkemka et al. (2015) reported the thermal and alkaline treatment with NaOH. 

While the rate of biomethane production was increased, which could reduce hydraulic 

retention time (HRT) in an industrial setting, the overall BMP did not increase. Bai et al. 

(2023; 2025) reported the alkaline pre-treatment of paunch contents with NaOH or KOH 

at varying concentrations. It was found that the BMP from cattle paunch contents using 

batch-digestion with a working volume of 160 mL was increased by between 20-108%, 

while when using a 5 L continuously stirred tank reactor (CSTR), KOH pre-treatment 

increased the BMP by a maximum of 150% by day 60 of the reaction in comparison the 

untreated controls. 

While the chemical treatments reported by Bai et al. (2023; 2025) were effective at 

increasing the BMP of cattle paunch contents, biological pre-treatments offer advantages 

over chemical treatments. In general, biological pre-treatments require less input of 

energy, do not involve using environmentally harmful chemicals, and are targeted, 

producing enzymes that break down specific bonds in the lignocellulosic substrate being 

treated, for example xylanases and cellulases (Sun and Cheng, 2002; Hosseini Koupaie 

et al. 2019; Xing et al. 2020). Therefore, the focus of this thesis was on the development 

of a novel biological, environmentally benign pre-treatment for cattle paunch contents 

prior to AD.  

In this thesis, to develop a biological pre-treatment for cattle paunch contents, five 

lignocellulose-degrading deep-sea fungal secretomes and one comparative terrestrial 

fungal secretome were investigated for their ability to produce lignocellulose-degrading 

activities with a focus on endo-β-xylanase and exo-hydrolase activities (Chapter 3), and 

then for their ability to saccharify paunch contents (Chapter 4). Specifically, the activities 

assayed were endo-β-xylanase, α-L-arabinofuranosidase, β-xylosidase, 

cellobiohydrolase, β-glucosidase, β-galactosidase, α-rhamnosidase, β-mannosidase and 

feruloyl esterase, all of which are involved in the degradation of hemicellulose (Figure 

1.3). The focus was placed on endo-β-xylanase and the aforementioned exo-hydrolase 

activities because hemicellulose is connected to both the lignin and cellulose fractions of 

lignocellulose (Figure 1.1) and therefore its degradation can help facilitate the 

degradation of the entire lignocellulose matrix.  
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Figure 1.3: Hemicellulose structure of the cell walls in cattle paunch contents and the enzymes involved 

in its deconstruction. Diagram was reproduced from de Souza, W.R. (2013). Creative Commons License: 

https://creativecommons.org/licenses/by/3.0/ 

The fungi investigated in this thesis were deep-sea strains of T. stollii, P. chrysogenum, 

E. maritima and P. antarcticum, and a comparative terrestrial P. chrysogenum strain 

(Figure 1.4; Table 1.1). These are all members of the phylum Ascomycota. Ascomycota 

is the largest phylum in the kingdom of fungi, and can be unicellular like yeasts or 

multicellular like each of the fungi studied in this thesis (Schoch et al. 2009). The fungi 

studied here were filamentous, growing as a network of interconnected branching 

filaments called hyphae, and reproduce through spore formation. They obtain nutrition 

from their environment by secreting extracellular enzymes that break down complex 

polymers, the products of which can diffuse through the fungal cell wall (Wikandari et 

al. 2022). 
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Figure 1.4: Images of (A) E. maritima SFI-F16, (B) E. maritima SFI-D6, (C) P. chrysogenum SFI-D13, 

(D) P. chrysogenum BBW2, (E) P. antarcticum SFI-F25 and (F) T. stollii SFI-F17 grown on malt extract 

agar and 3% marine salts (w/v) for 6 days at 25 °C (see chapter 3 methodology). 

In general, microorganisms from the deep-sea have long been of interest for 

biotechnological applications, because microbes able to survive in such extreme 

conditions (i.e. low temperature, low light, high pressure, anoxic, saline) have been shown 

to produce more robust proteins and bioactive compounds when compared to their 

counterparts from non-extreme environments, as a direct result of their extreme 

environment (Lu et al. 2001; Batista-Garcia et al. 2017; Chen et al. 2018; Damare et al. 

2020; Wu et al. 2024). Furthermore, lignocellulosic detritus is a main food source in the 

deep-sea, making it likely that fungi from this environment would produce enzymes to 

degrade it (Arndt et al. 2013; Bienhold et al. 2013; Moura Quierós et al. 2019; Bravo et 

al. 2024). 
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Table 1.1: Overview of fungal isolates described in this thesis. 

Isolate Source Order 
GenBank 

Accession 

Top lignocellulose-

degrading enzyme 

activities tested 

(chapter 3) 

T. stollii SFI-F17 
Deep-sea 

sediment 
Eurotiales MT535842 

β-D-xylanase, β-D-

galactosidase, β-D-

glucosidase, β-D-

xylosidase 

E. maritima SFI-F16 

Deep-sea 

sediment 
Hypocreales 

MT535805 β-D-xylanase, β-D-

glucosidase, α-L-

arabinofuranosidase 

and β-D-cellobiosidase E. maritima SFI-D6 MT535802 

P. chrysogenum SFI-

D13 

Deep-sea 

sediment 

Eurotiales 

MT535821 β-D-xylanase, β-D-

glucosidase, β-D-

galactosidase and β-D-

xylosidase 
P. chrysogenum 

BBW2 

Food bin 

waste 
- 

P. antarcticum SFI-

F25 

Deep-sea 

sediment 
Eurotiales MT535816 

β-D-xylanase, β-D-

xylosidase and β-D-

mannosidase 

 

As is described in Chapter 4, it was determined experimentally that the T. stollii SFI-F17 

secretome was the best at saccharifying the paunch contents. Therefore, for the biological 

pre-treatment, three compositionally different lots of cattle paunch contents were pre-

treated with the T. stollii SFI-F17 secretome and/or rumen fluid (the liquid fraction of 

rumen contents) (Figure 1.5). Rumen fluid was used because it contains highly 

lignocellulolytic microbes (Bhujbal et al. 2022), and is a natural component of the rumen 

contents that would therefore be of no additional cost to the slaughterhouse industry 

should they choose to adapt the pre-treatment. While the T. stollii SFI-F17 secretome and 

rumen fluid were used to pre-treat paunch contents individually prior to AD, they were 

also combined, to determine whether they could increase biomethane production 

synergistically. It was hypothesised that the lignin-degrading activities in rumen fluid 
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could make the lignocellulose matrix more accessible to the T. stollii SFIF17 

lignocellulose-degrading enzymes, thereby synergistically increasing the biomethane 

production. 

 

Figure 1.5: Schematic of biological pre-treatment method used in Chapter 4 to determine if biomethane 

potential was improved from AD of cattle paunch contents when pre-treated versus the untreated controls. 

Lastly, the genome of T. stollii SFI-F17 was sequenced, to determine what CAZymes it 

encoded, and to discover potential genetic adaptations when compared to similar fungal 

species from non-extreme environments. 

Overall, the hypothesis that this thesis was based on was:  

Fungi from the deep-sea, an extreme environment where recalcitrant lignocellulosic 

detritus is a food source, can secrete robust lignocellulose-degrading enzymes capable of 

saccharifying cattle paunch contents. 

The aims of this thesis were: 

(i) To investigate the lignocellulose-degrading activities present in the secretomes of five 

novel deep-sea fungi, strains of Penicillium chrysogenum, P. antarcticum, Talaromyces 

stollii and Emericellopsis maritima, and those present in the secretome of a comparative 

terrestrial strain of P. chrysogenum, to determine a suitable candidate or suitable 
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candidates for inclusion in a pre-treatment for cattle paunch contents (the solid fraction 

of rumen contents). 

(ii) To investigate biological pre-treatment strategies that use the novel T. stollii SFI-F17 

deep-sea lignocellulose-degrading secretome and/or rumen fluid (the liquid fraction of 

rumen contents), for their ability to improve the digestibility and biomethane potential of 

cattle paunch contents. 

(iii) To investigate the capacity of T. stollii SFI-F17 as a lignocellulose degrader from the 

deep-sea by characterising the CAZymes and their accessory proteins encoded in its 

genome.  
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Abstract 

Paunch contents are the recalcitrant, lignocellulose-rich, partially digested feed present in 

the rumen of ruminant animals. Cattle forage in Europe is primarily from perennial and 

Italian ryegrasses and/or white clover, so paunch contents from forage-fed cattle in 

Europe is enriched in these feedstuffs. Globally, due to its underutilisation, the potential 

energy in cattle paunch contents annually represents an energy loss of up to 29,003,838 

Giga joules (GJ) and financial loss of up to ~€1.13 billion. Therefore, this review aims to 

describe progress made to-date in optimising sustainable energy recovery from paunch 

contents. Furthermore, analyses to determine the economic feasibility/potential of 

recovering sustainable energy from paunch contents was carried out. The primary method 

used to recover sustainable energy from paunch contents to-date has involved biomethane 

production through AD. The major bottleneck in its utilisation through AD is its 

recalcitrance, resulting in build-up of fibrous material. Pre-treatments partially degrade 

the lignocellulose in lignocellulose-rich wastes, reducing their recalcitrance. Enzyme 

systems could be inexpensive and more environmentally compatible than conventional 

solvent pre-treatments. A potential source of enzyme systems is the rumen microbiome, 

whose efficiency in lignocellulose degradation is attracting significant research interest. 

Therefore, the application of rumen fluid (liquid derived from dewatering of paunch 

contents) to improve biomethane production from AD of lignocellulosic wastes is 
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included in this review. Analysis of a study where rumen fluid was used to pre-treat paper 

sludge from a paper mill prior to AD for biomethane production suggested economic 

feasibility for combined heat and power (CHP) combustion, with potential savings of 

€18,885 annually. Meta-genomic studies of bacterial/archaeal populations have been 

carried out to understand their ruminal functions. However, despite their importance in 

degrading lignocellulose in nature, rumen fungi remain comparatively under-

investigated. Further investigation of rumen microbes, their cultivation and their enzyme 

systems, and the role of rumen fluid in degrading lignocellulosic wastes, could provide 

efficient pre-treatments and co-digestion strategies to maximise biomethane yield from a 

range of lignocellulosic wastes. This review describes current progress in optimising 

sustainable energy recovery from paunch contents, and the potential of rumen fluid as a 

pre-treatment and co-substrate to recover sustainable energy from lignocellulosic wastes 

using AD.  

2.1 Introduction 

Climate change is having a devastating impact on the planet through natural disasters, 

like floods, droughts, severe storms, fires, increased global temperatures, rising sea levels 

and increased precipitation (Fawzy et al. 2020). One way to tackle this is through 

increased use of low-carbon energy e.g. solar energy, wind energy, hydro energy and 

bioenergy to displace fossil fuel-derived energy. Over the past decade, renewable energy 

production has increased steadily worldwide, and is growing at a faster rate than fossil 

fuel-based energy production. If the increase in the annual production of renewable 

energy is greater than the increase in energy demand, there will be an overall decrease in 

fossil fuel energy production, and therefore a reduction in global CO2 emissions (Bertram 

et al. 2021). 

 2.1.1 The relevance of paunch contents as a sustainable energy source 

Lignocellulosic biomass is an abundant sustainable energy source. Sources include by-

products from forestry, paper and pulp industries, and the agricultural industry 

(Abdeshahian et al. 2020). Paunch contents are an agri-food industry by-product. 

Currently this biomass-rich waste provides no value to meat processors but has the 

potential to be utilised for renewable energy due to its high lignocellulose content 
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(c.63.65%; see Table 2.1). Approximately 8,754 dry-matter tonnes (DMT) of paunch 

contents are produced from cattle in Ireland annually (see Section 2.3). The potential 

energy of this DM is 16.7-20 MJ/kg (Ricci, 1977; Spence, 2017). Currently, up to 175,080 

GJ of potential energy per year in Ireland, and up to 29,003,838 GJ globally, could be 

recovered from paunch contents (see Section 2.3).  

In the EU, waste by-product recovery has become important to slaughterhouses that have 

a 50 tonnes/day slaughter capacity (all beef slaughterhouses in Ireland), as it is now their 

legal obligation to use the current BATs for industrial emissions (EPA Ireland, 2008; 

Directive 2010/75/EU, 2010). In Ireland, this obligation has particular relevance as, in 

2023, its agricultural sector accounted for 36.2% of all greenhouse gas emissions and 

46.5% of all Irish non-ETS emissions. The EU set obligatory targets for non-ETS 

emissions reduction by 2020 and 2030. For 2020, Ireland’s target was 20% reduction in 

non-ETS emissions compared to 2005, but it achieved just a 7% reduction (SEAI, 2025). 

By 2030, a 42% reduction on 2005 figures must be achieved (SEAI, 2025). To meet this 

target, Ireland’s agri-food sector needs to harness all routes to reduce greenhouse gas 

emissions. Therefore, immediate action is required to enable countries with important 

agri-economies, like Ireland, to make the necessary reductions in non-ETS emissions.  

2.1.2 Methods utilised to-date to recover energy from paunch contents  

The energy potential of paunch contents has been highlighted using BMP tests, where 

paunch contents were co-digested with other slaughterhouse wastes (Ware and Power, 

2016). This study showed that one Irish beef slaughterhouse, which accounts for ~3% of 

cattle slaughtered every year nationally, could meet its energy needs in full (with a 

surplus), from the biogas produced. Conventional pre-treatments have been shown to 

increase hydrolysis of lignocellulosic materials in AD (Nkemka et al. 2015). However, 

some pre-treatments can result in the overall process costing more than the value of biogas 

produced. Pre-treatment examples include thermal, physical, biological and chemical pre-

treatments. Biological pre-treatments, e.g. enzymatic approaches, hold advantages over 

conventional pre-treatments, as they require less energy, are more controllable, need 

uncomplicated equipment and operating conditions, have a lower chemical recycling 

requirement after the treatment, can be combined with low-cost downstream processing, 

and result in no/very little inhibitor formation (Xing et al. 2020). 
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Other sustainable energy-recovery options have also been investigated for paunch 

contents, including its co-combustion (Bridle, 2011, 2012; Spence, 2012, 2017). 

Experiments showed that to be used as a boiler fuel, paunch contents should have a 

moisture content ≤35%, with Spence (2017) finding that this was the best moisture 

content for energy recovery from paunch contents. These experiments also showed that 

slaughterhouses could make financial savings of $26,000 AUD - $90,000 AUD annually 

by using this waste as a boiler fuel. However, AD appears to be the predominant method 

employed to optimise energy recovery from paunch contents to-date.  

2.1.3 Role of rumen fluid and the rumen microbiome in lignocellulosic degradation 

The rumen microbiome is very efficient at degrading lignocellulosic material. 

Consequently, much interest exists in obtaining a better understanding of the biological 

mechanisms involved in this degradation (Henderson et al. 2015). Recent research has 

shown that rumen fluid (the liquid fraction contained in the paunch) can be used as a pre-

treatment and co-substrate prior to/during AD to improve the methane yield from 

lignocellulosic wastes like paper waste (PW) (Baba et al. 2013; Takizawa et al. 2019), 

paper sludge (Takizawa et al. 2018), rice straw (Zhang et al. 2016) and corn straw (Xu et 

al. 2024). There is still much to discover about the functions of rumen microorganisms. 

Once a better understanding of these functions is gained, opportunities will result to 

improve the degradation of paunch contents and other lignocellulose-rich wastes e.g. by 

replicating their mechanisms outside of the rumen for the biological pre-treatment of 

lignocellulosic feedstock. 

2.1.4 Aims of review 

Sustainable energy sources that are currently underutilised, like paunch contents derived 

from meat production and lignocellulosic wastes from other industries e.g. paper waste, 

must be explored to minimise human impact on the environment. This review aims to 

describe the progress being made in utilizing paunch contents for energy recovery and 

some of the current challenges that exist. The review also explores the use of rumen fluid 

in degrading lignocellulosic wastes to improve biomethane production from AD, as well 

as recent developments in rumen microbiome discovery. 
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2.2 Current and historical methods for treatment and disposal of paunch contents 

Historically, paunch contents have been challenging to treat. Underlying reasons include 

the associated high biochemical oxygen demand, its tendency to form masses that block 

bar screens, pits, hopper bottoms and suction pumps, as well as increased settlement over 

time at the bottom of tanks and in pipes where paunch contents can become as hard as 

low-density rock. Removing these settlements requires the use of an auger. Furthermore, 

compaction reduces accessibility and digestibility of the cellulose fraction in anaerobic 

digesters, thus causing further blockages and capacity issues over time. Paunch contents 

also have low protein and high moisture contents (see Table 2.1). For these reasons 

amongst others, including odour and designation as a high-risk biological waste, paunch 

contents are not treated conventionally, e.g. in sewage plants (Witherow and Scaief, 1976; 

Ricci, 1977).  

Historically, disposal methods have ranged from incineration to spreading on non-

agriculture land to landfilling, all of which are no longer considered best practice. Today, 

over 40 years after these issues were described, paunch contents remain difficult to treat. 

For instance, hydrolysis of the fibrous material contained in paunch contents by microbes 

continues to be the rate-limiting step in recovering potential energy from AD (Nkemka et 

al. 2015; Bai et al. 2023; 2025). Until recently, paunch contents were sent by beef 

processors to landfill (Murphy et al. 2011; EPA, Ireland, 2021). However, to minimise 

the environmental impact of waste by-products like paunch contents from the 

slaughterhouses, current BATs now must be applied (EPA Ireland, 2008; Directive 

2010/75/EU of 24, 2010; Karlis et al. 2024). 

After the paunch has been removed from the cow, dry dumping (water is not added to aid 

in emptying paunch) is the current BAT, as opposed to wet dumping (where contents are 

manually flushed out of the paunch). With wet dumping, only 10-30% of nitrogen and 

phosphorous and 40% of total solids can be recovered from the waste stream by 

sedimentation or screening, resulting in the waste stream being high in pollutants. Dry 

dumping reduces the water quantity used during paunch handling by ≤90% (Hui et al. 

2001; European Commission, 2005; EPA, Ireland, 2008).  

 



 

21 

 

 

Table 2.1: Composition of perennial ryegrass, Italian ryegrass and paunch contents. 

Composition (%) Feedstock type (Average ± Standard deviation) 

Perennial 

ryegrass 

Italian ryegrass Paunch contents 

Moisture 79.55 ± 2.35 79.79 ± 6.08 Inconclusive* 

Protein 17.67 ± 5.21 15.70 ± 4.73 11.30 ± 3.8 

Fat 5.38 ± 3.58 3.15 ± 0.93 2.58 ± 1.51 

Calcium 0.48 ± 0.12 0.43 ± 0.1 0.46 ± 0.22 

Ash 8.85 ± 0.86 11.00 ± 2.77 6.74 ± 4.15 

Phosphorus 0.31 ± 0.04 0.38 ± 0.08 0.79 ± 0.74 

Water-soluble Carbohydrate 17.92 ± 5.39 14.55 ± 8.30 53.73 ± 21.37 

TS 25.80 ± 10.79 20.31 ± 5.78 17.20 ± 10.91 

VS (% of TS) 94.44 ± 3.63 92.40 ± 1.32 92.90 ± 0.17** 

Nitrogen 2.78 ± 0.82 4.05 ± 1.01 1.23 ± 0.85 

Cellulose 26.93 ± 8.05 22.82 ± 5.20 35.65 ± 3.78 

Hemicellulose 22.53 ± 6.80 19.94 ± 3.93 30.05 ± 3.49 

NDF/lignocellulose 48.78 ± 9.14 49.73 ± 7.92 63.65 ± 6.29 

ADF 26.75 ± 3.53 28.16 ± 5.66 38.30 ± 2.26 

ADL 3.38 ± 1.35 4.99 ± 3.14 8.12 ± 2.42 

OMD 80.24 ± 4.14 74.22 ± 4.17 - 

*Value recorded as ‘Inconclusive’ because paunch content values are given as a mixture of wet and dry 

weights in literature, therefore estimation of an average value would not be scientifically accurate (see 

Supplementary Data).**Only dewatered paunch contents VS values were included for consistency. All 

values are averages of available values from the literature. Detailed tables of the composition of each grass 

is available as Supplementary data. Some moisture contents values are calculated by subtracting total solids 

from 100%, and some total solids values are calculated by subtracting moisture content from 100%. 

References: J Mackenzie and Wylam, 1957; Baumann, 1971; Ulyatt, 1971; Witherow and Scaief, 1976; 

Ricci, 1977; Wilkinson et al. 1982; Cammell et al. 1986; Ockerman and Hansen, 1988; Crush et al. 1989; 

Waghorn et al. 1989; Abouheif et al. 1999; Hannaway et al. 1999; Keating and O’Kiely, 2000; Chaves, 

2003; Hopkins, 2003; Aganga A.A. et al. 2004; Meeske et al. 2009; Sokolović et al. 2010; Sun et al. 2010; 

Wims et al. 2013; McEniry et al. 2013; Burns et al. 2015; Nkemka et al. 2015; Özelçam et al. 2015; So et 

al. 2015; Dai et al. 2016; Ware and Power, 2016; dos Santos et al. 2017; Nkemka and Hao, 2018; Garcia et 

al. 2019; Oamen et al. 2019; Alende et al. 2020; Bai et al. 2025; 2025.  
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After paunch-emptying, beef processors usually dewater paunch contents with a paunch 

press (average DM content is around 23.4% after this according to AERs) and send it off-

site for land spreading in accordance with BAT, subject to veterinary approval and the 

nutrient needs of the soil (European Commission, 2005; Murphy et al. 2011; EPA, 

Ireland, 2021; Karlis et al. 2024). The screw press produces paunch contents with the 

highest DM quantity, followed by the screen press, wedge wire screen and the vibrating 

screen, respectively, in terms of dewatering capability (EPA Tasmania, 2017). The rumen 

fluid from the dewatered paunch contents is treated in a wastewater treatment plant on-

site, after which it, and other treated sludges, are recycled/reclaimed through composting 

and other biological transformation processes (EPA, Ireland, 2021). 

Following dewatering, current BATs for the treatment of paunch contents involve 

composting, AD and land spreading/injection (EPA Ireland, 2008). Sending paunch 

contents off-site for recovery as fertilizer helps slaughterhouses to reduce their waste-to-

landfill output, but the composting of paunch contents is being restricted and regulated 

increasingly and the process is a major source of odour (Jensen et al. 2016). 

2.3 Volume of paunch contents and rumen fluid generated globally 

The paunch contents quantity produced per head of cattle varies significantly. It can 

depend on several factors including the animal size, the fasting period length before 

slaughter, the type of feed given and the animal’s age (Tritt and Kang, 1991). Depending 

on the time of year and their life-stage, an animal’s diet will vary. It will also vary 

depending on whether the cattle are being prepared for the premium or non-premium beef 

market. Furthermore, individual farmers may have different feeding preferences. In 

addition, cattle eat silage, fresh grass or processed feed in the UK (as in Ireland), 

depending on the time of year and weather (Garnett, 2007). Consequently, there are many 

variables that underpin paunch contents heterogeneity, volume and composition. 

The values for paunch contents produced per head of cattle vary in the literature, due to 

the aforementioned factors. Furthermore, reported paunch contents values may be based 

on wet, dewatered or DM. Approximately 3.8 kg of dry paunch contents is produced per 

head of cattle (Baumann, 1971; Witherow & Scaeif, 1976; Ricci, 1977). In Ireland, 

dewatered paunch contents are approximately 20 ± 8 kg per head of cattle (Enterprise 
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Ireland, 2009). This is comparable to some available international values, e.g. 20 kg per 

head of cattle in Tasmania, Australia (EPA Tasmania, 2017). However, the range of 

values reported is much wider for wet paunch contents per head of cattle, which can be 

expected due to variable moisture contents. For example, earlier studies reported 23-25 

kg of wet paunch contents produced per head of cattle (Baumann, 1971; Witherow and 

Scaief, 1976; Ricci, 1977). However, according to the United Nations Environment 

Programme and EPA Denmark (2000), and Wilson (1992), wet paunch contents are 36-

45 kg per head of cattle. In a report by Verheijen et al. (1996), 27-40 kg of wet paunch 

contents were produced per head of cattle, which is similar to values (25-40 kg) reported 

by Antille et al. (2019), while Tritt and Kang (1991) reported 40-60 kg of wet paunch 

contents per head of cattle. 

Taking 20 kg as the average quantity of dewatered paunch contents per head of cattle 

(Enterprise Ireland, 2009; EPA Tasmania, 2017), and a DM content of 23.4% from 

analysis of the AERs from Irish beef processors (EPA, Ireland, 2021), the average dry 

paunch contents quantity produced per head of cattle is 4.68 kg, similar to previous 

reports (Baumann, 1971; Witherow and Scaief, 1976; Ricci, 1977). In the literature, the 

average moisture content of dewatered paunch contents was also reported as being ~80-

86% (Witherow and Scaief, 1976; Ockerman & Hansen, 1988; Abouhief et al, 1999), 

which is in line with an approximate DM content reported in the literature of ~15.8% 

(Table 2.1).  

In 2023, 1,870,490 bovines were slaughtered in Ireland (FAOSTAT, 2025), accounting 

for ~8,754 DMT paunch contents. In the EU, the slaughter number for 2023 was 

22,523,000 bovines (FAOSTAT, 2025). This equates to paunch contents production of c. 

105,407.64 DMT within the EU. The average number of cattle slaughtered worldwide in 

2023 was 309,870,057 (FAOSTAT, 2025), corresponding to c.1,450,191.9 DMT global 

paunch contents. These values highlight the abundance of this underutilised waste product 

globally. Table 2.2 describes this potential value in economic terms and reveals that €1.13 

billion worth of energy is available in paunch contents globally annually. 

Reports on rumen fluid volumes per head of cattle have been more uniform, with volumes 

of 44-54.7 L being reported (Moloney et al. 1993; Stokes et al. 1985; Estell et al. 1985; 

Rogers et al. 1982; Wohlt et al. 1976; Bauman et al. 1971). This translates into volumes 
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of c.82,301,560-102,315,803 L of rumen fluid produced in Ireland, c.900,920,000-

1,232,008,100 L produced in the EU and c.12,394,802,280-16,949,892,120 L globally in 

2023. These values highlight the volumes of rumen fluid that are underutilised globally 

despite the significant potential to utilise rumen fluid, rich in lignocellulolytic enzymes, 

as a pre-treatment of lignocellulosic wastes prior to AD or as an inoculum during AD to 

improve methane yields (see Sections 2.5 and 2.6).  

2.4 Sustainable energy production from paunch contents 

Paunch contents could be of high value to the meat-processing industry as a sustainable 

source of energy (Table 2.2). However, it is currently being lost due to offsite spreading 

practices. The major bottleneck in using this waste for sustainable energy recovery is its 

recalcitrance (Nkemka et al. 2015), meaning that post-AD, residual paunch waste remains 

at the bottom of the digester, rich in unutilised carbon, that needs to be spread offsite. 

However, if this bottleneck was overcome, the recovered energy would reduce the meat 

processors’ impact on the environment by decreasing fossil fuel dependency of 

slaughterhouses. This would in turn create a more sustainable meat-processing industry. 

Table 2.2: Economic value of potential energy stored in paunch contents on a DM basis. 

 No. of cattle 

slaughtered 

in 2023* 

Quantity 

of paunch 

contents 

produced 

in 2023 

(DMT)** 

Energy 

potential of 

paunch 

contents 

produced in 

2023 

(GWh)*** 

Average 

price of 

electricity 

to 

businesses   

in 2023 

(€/kWh) 

Value of gross 

potential 

electrical 

energyc 

(million €) 

(Ex. VAT) 

Ireland  1,870,490 8,754 40.6-48.63 0.253a 10.3-12.3 

EU-27 22,523,000 105,407.64 489-586 0.201a 98.3-117.8 

Globally  309,870,057 1,450,191.9 6,727-8,057 0.14b 941-1,128 

* Source: FAOSTAT 

** Calculated based on paunch contents per head of cattle weighing 4.68 kg on a DM basis (see Section 3). 

*** Calculated based on potential energy values of 16.7-20 MJ/kg paunch contents on a DM basis (Ricci, 

1977; Spence, 2017). 
a Source: https://www.seai.ie/data-and-insights/seai-statistics/key-statistics/prices/ 
b Source: https://www.globalpetrolprices.com/electricity_prices/ 
c Calculations based on assumption that all energy would be used as electricity. 

https://www.seai.ie/data-and-insights/seai-statistics/key-statistics/prices/
https://www.globalpetrolprices.com/electricity_prices/
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Different methods have been suggested for energy recovery and bioconversion of paunch 

contents, including pyrolysis, torrefaction, liquefaction and gasification and hydrothermal 

carbonisation (Marzbali et al, 2021). Combustion as a boiler fuel and biogas production 

through AD have been the methods used most to date for sustainable energy recovery 

from paunch contents (Ware and Power, 2016; Spence, 2017). Paunch contents as a boiler 

fuel will first be described. However, AD will be the focus, as it has been the main 

approach described in the literature for biomethane generation from paunch contents. 

2.4.1 Using paunch contents as a boiler fuel 

While most efforts to produce sustainable energy from paunch contents have focused on 

AD, their use as a boiler fuel has been investigated for energy recovery. Bridle (2011) 

investigated co-combustion of paunch contents dewatered to <30% solids content with 

sawdust and later investigated co-combustion of dewatered paunch contents (<30% 

solids) with DAF sludge and wood waste as a boiler fuel (Bridle, 2012). In these studies, 

anything higher than 30% moisture content in the paunch contents was deemed inefficient 

for co-combustion (Bridle, 2011, 2012). A moisture content >85% has been shown to 

have a negative energy value, with the net calorific value being –2.5 MJ/kg when the 

moisture content is 100% (full saturation) (Spence, 2017). In addition, a loss of 0.1% in 

energy efficiency for every 1% increase in the moisture content of paunch contents has 

been reported (Hatt, 1997). Therefore, the lower the moisture content, the better the 

energy output from co-combustion, pyrolysis and gasification, all of which are alternative 

methods to produce energy from paunch contents. However, this relationship appears to 

be true up only to a certain point, as Spence (2017) demonstrated the best moisture content 

for energy return from both grass and grain paunch contents was 35%; in this context, the 

moisture may have acted as a lubricant and increased the force of compaction on the 

paunch contents (Spence, 2017).  

The Bridle (2011 and 2012) studies showed that co-combustion of paunch contents with 

DAF sludge or sawdust had the potential to reduce greenhouse gas emissions and provide 

energy for the slaughterhouses, while reducing amounts of paunch contents sent off-site 

for composting or land spreading. A cost-benefit analysis of co-combustion with sawdust 

revealed potential yearly savings of ~$72,000 AUD on fuel costs and ~$90,000 AUD on 

disposal/recovery costs for the slaughterhouse in question, while a cost-benefit analysis 
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of co-combustion with wood waste showed yearly savings of ~$39,000 AUD and 

~$26,000 AUD on fuel and disposal/recovery costs (Bridle, 2011, 2012; Spence, 2017). 

On the basis that paunch contents need a DM content of ≥70% to be useful as a biofuel 

in processes like pyrolysis, gasification and to replace coal as boiler fuel, Spence (2017) 

determined predictive equations and paunch contents characteristics and developed new 

coefficients for the Hukill equation. This will enable further work towards developing an 

ideal paunch contents dryer (Spence, 2017). 

Another study investigated the theoretical feasibility of immersion-frying to dewater 

paunch contents and dissolved air floatation (DAF) sludge to a moisture content of <5%, 

to make high-energy pellets suitable for combustion as a boiler fuel in slaughterhouses 

(Hamawand et al. 2017). It was hypothesised that by reducing the moisture content to this 

level, combustion would be more stable, and less CO2 would be produced, compared to 

paunch contents dewatered to a 20-29% solids content. The pay-back period would be 

1.8-3.2 years. The study concluded that this approach was economically feasible and that 

pellets produced would have the energy equivalent of coal/kg but would cost half as much 

as coal. Further experiments must be carried out to demonstrate whether this process is 

feasible at-scale and to identify technical constraints, which may arise from its integration 

into existing meat-processing facilities (Hamawand et al. 2017). However, it must also be 

considered that Spence (2017) established that the optimum energy output from paunch 

contents was achieved at a moisture content of 35%, so dewatering paunch contents to 

<5% moisture content may reduce the net energy gain. Although drier paunch contents 

have a higher calorific value, the bulk density is lower due to empty pockets of air present, 

which reduces energy output/m3 (Spence, 2017). 

Furthermore, hydrothermal carbonisation has also been used to create hydrochar from 

paunch contents, which can be used as a boiler fuel (Saverettiar et al. 2020; Marzbali et 

al. 2020; 2021). The process involves heating moist biomass under pressure at 

temperatures between 180 °C and 280 °C to induce dehydration, hydrolysis and 

decarboxylation of the biomass (Petrović et al. 2024). Paunch contents treated in this way 

have been shown to be suitable as a coal substitute, as the resultant biochar had a higher 

heating value of 24 MJ/kg (Marzbali et al. 2021), while coal has a higher heating value 

of ~30 MJ/kg (García–Nieto et al. 2024). However, while this process was shown to be 
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efficient, the process of HTC itself may not be considered commercially attractive at 

present, for a number of reasons. For example, HTC has a relatively low technology 

readiness level (TRL) of 6-7, when compared to AD, which has a TRL of nine (Marzbali 

et al. 2022). There are also only 24 full-scale HTC plants worldwide, and many of these 

do not release important information about the running of their HTC plants, such as 

energy balances or the end-of-waste process, making the benefits of using HTC appear 

ambiguous (Farru et al. 2024). Furthermore, the HTC process produces a high COD 

aqueous by-product, which would need to be further treated to reduce to COD (Romano 

et al. 2023). 

2.4.2 Anaerobic digestion of paunch contents 

The AD of paunch contents showed that they have higher first-order decay rates compared 

to virgin plant biomass e.g. Napier grass, because paunch contents are already partially 

digested in the animal rumen, which enables more rapid AD outside of the rumen (Tritt 

and Kang, 1991). This natural pre-treatment speeds up the digestion process so that up to 

80% of the biomethane yield can be obtained within 16-17 days of digestion, thereby 

making it feasible to use as an industrial feedstock (Ware and Power, 2016). So far, 

research into the potential of using paunch contents alone as an energy feedstock for AD 

has been limited. Most studies have focused on paunch contents co-digestion with other 

wastes. The presence of rumen microorganisms in paunch contents is thought to aid the 

hydrolysis of complex carbohydrates like cellulose. Although a synergistic effect has 

been shown when different wastes are co-digested, uncaptured energy remains in 

recalcitrant lignocellulosic material left over at the bottom of the digester (Banks and 

Wang, 1999; Buendía et al. 2009; Browne et al. 2013; Jensen, 2013; Astals et al. 2014).  

2.4.2.1 Is AD of paunch contents economically feasible for sustainable energy 

recovery? 

According to Jensen et al. (2016), whether the process of anaerobically digesting paunch 

contents is economically feasible or not is dependent on a) the methane potential (can the 

methane produced reduce slaughterhouse energy costs?), b) the degradable fraction (will 

it reduce recovery costs?), and c) the time the paunch contents take to degrade (this will 

affect the digester size and overall cost of running the process).  
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Ware and Power (2016) showed that paunch contents co-digested with DAF sludge and 

soft offal for biomethane production is economically feasible for slaughterhouses. Using 

BMP tests, the biomethane yield from paunch contents waste alone was 229 L CH4/kg 

volatile solids (VS) under mesophilic conditions, while the mixed waste stream had a 

biomethane yield of 641.55 L CH4/kg VS. The inoculum:substrate used for each BMP 

test was 2:1. The maximum methane potential and specific methane yield (SMY) values 

were very similar (226.7 L CH4/kg VS & 228.8 L CH4/kg VS), indicating that the 

maximum methane amount was produced over the 30-day reaction (Ware and Power, 

2016). 

A detailed net energy analysis was conducted by Ware & Power (2016) to assess the 

economic feasibility of using these wastes as a feedstock to produce biomethane to power 

the slaughterhouse activities on-site. Bishop et al. (2009) concluded that the predicted 

methane production from BMP tests correlates well with actual methane production from 

a full-scale reactor (R2 = 0.83 and the over-prediction value = 1.54%). To make this net 

energy analysis more accurate, only 80% of the SMY produced by the mixed waste was 

used in the calculations. If 100% of the SMY was considered, the HRT would be assumed 

to be 50 days, which would be unrealistic in industry. Usually, the HRT would be ~20 

days in a continuously-fed bioreactor. A further consideration made to correlate a 

continuously-fed bioreactor at full-scale with a batch-fed BMP test, omitted the lag phase 

(12.5 days) from calculations as it would not exist in a continuously-fed bioreactor (the 

microorganisms would already be in the log phase of growth). Therefore, it was 

determined that 80% of the SMY would be produced within 16.5 days, which is more 

representative of a full-scale operation (Ware & Power, 2016).  

An annual gross methane yield of 1,628,258 m3 was reported by Ware and Power (2016). 

Combusting this directly in a CHP unit resulted in 15,061 MWh of energy being 

recovered. The annual energy demand of the test slaughterhouse was 5,874 MWh of 

electricity and 7,786 MWh of thermal energy. In Ireland, the average cost of 1 kWh of 

electricity for industry in 2024 was 22.91c, and 6.57c for gas (excluding Value Added 

Tax) (SEAI, 2025). This translates into an annual expenditure of €1.86 million to power 

this slaughterhouse, when gas is used to provide thermal energy, or €3.13 million if 

electricity provides the thermal energy. The biomethane produced from the co-digestion 
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process has an energy value greater than that of the annual energy use of the 

slaughterhouse (by 1,401 MWh). Therefore, this slaughterhouse, which processes 

~52,000 head of cattle annually, could become completely self-sufficient with excess 

energy left over, and potential annual savings of €1.86-3.13 million. Biomethane 

production used 690 MWh of electricity, leaving 711 MWh of surplus energy. In 2024, 

24,772 GWh of energy was consumed by industry in Ireland (SEAI, 2025). Ware and 

Power (2016) calculated that 458.6 GWh of gross energy could be produced if 90% of 

the national mixed slaughterhouse waste stream was used to recover biomethane. This 

would allow combustion of the resulting biomethane in CHP units to subsidise 1.85% of 

the total national industrial energy requirement. This development would increase Irish 

Renewable Energy Shares, contribute to Ireland’s renewable energy targets, and help 

slaughterhouses to become circular economies. Labour costs e.g. loading, unloading and 

maintenance of the digester, were not included in this analysis. 

The organic fraction of paunch contents has been shown to be ~59-70% biodegradable in 

AD. Tritt and Kang (1991) carried out batch reactor tests at mesophilic temperatures to 

determine the ultimate biodegradability of cattle paunch contents, using 

substrate:inoculum between 0.2:1 and 10:1 (total VS mass of paunch contents:total VS 

mass of the inoculum). The paunch contents feed total solids content was 11.3% (dry 

weight). A maximum BMP of 64-70% was reported and the highest biomethane yield 

reported was 323 L CH4/kg VS at a substrate:inoculum of 1:1. The highest value for 

ultimate biodegradability, also at a substrate:inoculum of 1:1, was 83% of total VS (dry 

weight), after a HRT of 49 days. Digesters containing substrate:inoculum <5:1 showed 

efficient degradation of paunch contents, with steady-state decay rates of 0.044-0.064 per 

day for the first 5-40 days of the reaction. Digesters containing higher substrate:inoculum 

of 7.5:1 and 10:1 had lower decay rates than those with ratios <5:1 (by one-half and one-

third, respectively) and were inefficient at removing substrate VS because of reduced 

bioavailability of paunch contents to the degrading microorganisms, at the higher reactor 

loading rates. Overall, it was concluded that a substrate:inoculum ≤2.5:1 allowed rapid 

start-up of a full-scale anaerobic digester with cow paunch contents as substrate. This 

ratio allowed for 69% VS removal over 49 days. However, to achieve this degradation 

level a long HRT was necessary, which is less desirable in industry.  
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This long HRT issue was described also by Nkemka et al. (2015), who carried out AD of 

cattle paunch contents in a continuous stirred tank reactor (CSTR) at mesophilic 

temperatures. Two reactors were run with HRTs of 30 days (organic loading rate (OLR) 

of 2.8 g VS/L/day) and 60 days (OLR of 1.4 g VS/L/day), with paunch contents fed at 

10% total solids (w/v). The biomethane yield was analysed every 1-2 days in the 

bioreactors. The higher OLR in the 30-day bioreactor yielded an increase in the 

biomethane production rate, but a lower overall biomethane yield, i.e. 213 L CH4/kg VS 

in the 30-day bioreactor versus 284 L CH4/kg VS in the 60-day bioreactor. This finding 

suggested that the microorganisms in the digester did not have enough time to digest the 

available substrate and convert the organic content to biomethane. The low VFA 

concentrations (0.22±0.04 g/L and 0.22±0.02 g/L) in the effluent on days 30 and 60 of 

HRT indicated that methanogenesis was not the rate-limiting step, but that hydrolysis of 

particulate organic matter was the barrier. As a result, increasing the HRT was 

recommended to improve degradation of the lignocellulose (Nkemka et al. 2015). 

However, increasing the HRT is not feasible in an industrial setting where the average 

AD time is ~20 days (Ware and Power, 2016).   

While AD experiments have been carried out, mainly under mesophilic temperatures, 

temperature-phased AD (TPAD) has also been utilised. However, TPAD of paunch 

contents does not seem to hold benefits over the mesophilic AD process in terms of 

increasing biodegradability of paunch contents or increasing biomethane yield. Results 

from TPAD in one study showed production of 220 L CH4/kg VS, with a biodegradation 

value of 60% (Mehta et al. 2015). Yi et al. (2014) and Jensen et al. (2016) have also 

carried out TPAD and both studies showed that TPAD does not substantially improve 

paunch contents degradation compared to batch mesophilic AD. A maximum BMP of 

230 L CH4/kg VS was recorded in batch mesophilic AD, with a biomethane yield of 63%. 

However, TPAD did reduce the residual paunch contents quantity through greater 

destruction of VS (Jensen et al. 2016). Overall, it seems to be more beneficial to operate 

digesters at mesophilic temperatures to save on heating costs. 

Studies to-date suggest that paunch contents co-digested with other slaughterhouse wastes 

to recover biomethane is economically feasible, more so than digesting paunch contents 

on their own (Browne et al. 2013; Astals et al. 2014). It has been shown that the VS 
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removal from paunch contents can be 75-81% when co-digested with activated sludge 

waste at a 25:75 ratio. This approach yielded an increase in the readily degradable fraction 

of paunch contents by ≤49%, and a four-fold increase in BMP (Buendía et al. 2009). As 

paunch contents may contain blood, which results in increased ammonia in the digester, 

it is hypothesised that by adding activated sludge waste, the C:N ratio is balanced and 

biomethane production is promoted (Browne et al. 2013). The higher methane yield from 

co-digesting slaughterhouse wastes in AD compared to that obtained from digesting 

paunch contents alone was described by Browne et al. (2013). An average biomethane 

yield of 238 L/kg VS was reported from paunch contents produced in an Irish 

slaughterhouse using BMP tests. The inoculum was obtained from a mesophilic, farm-

scale digester, and the inoculum:substrate was 2:1. Co-digesting paunch contents, green 

sludge and dewatered activated sludge gave a higher biomethane yield (positive synergy) 

than respective yields for each individual substrate. The combined sample gave a BMP 

of 336±15.0 L CH4/kg VS, while the weighted average of the three individually digested 

substrates was 288±11 L CH4/kg VS. Jensen (2013) also showed that co-digesting DAF 

sludge with paunch contents had a synergistic effect on the BMP under mesophilic 

conditions, because of the improved C:N ratio (Browne et al. 2013) and because rumen 

microorganisms in the paunch contents were likely to be capable of lipolytic activity 

(Jensen. 2013).  

However, the long HRT required to biodegrade recalcitrant lignocellulose in paunch 

contents remains to be resolved and is an important technological issue to solve to 

maximise energy recovery. To overcome the obstacle of hydrolysis as the rate-limiting 

step, additional pre-treatments could provide a viable improvement by making the 

lignocellulose matrix more accessible to microbes. By pre-treating high-fat wastes and 

co-digesting with other sludge wastes prior to AD, it can increase the biomethane yield 

relative to other biogases present, with increased waste biodegradability overall (Buendía 

et al. 2009). Further methods to optimise co-digesting paunch contents with DAF sludge, 

along with the impacts of pre-treatments for these wastes on the BMP, must be 

investigated. 
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2.4.2.2 Pre-treatment of paunch contents prior to AD 

As highlighted in Section 2.4.2.1, co-digesting paunch contents with other slaughterhouse 

wastes generally increases biomethane production, improves the overall waste 

biodegradability, and is economically feasible. However, a suitable pre-treatment to 

increase microbial accessibility to the lignocellulose fraction of paunch contents may 

further increase the biomethane yield from paunch contents, both when digested alone 

and with other substrates. Astals et al. (2014) reported the BMP for solid paunch contents 

waste as 237 L CH4/kg VS for batch mesophilic AD, which corresponds to a degradable 

fraction of ~60%, and a hydrolysis rate of ~11% per day. As the hydrolysis rate and 

methane yields were low compared to other slaughterhouse wastes, pre-treatment 

technologies aimed at improving digestion of paunch contents could be used to improve 

the overall digestion process. 

Few studies have been carried out specifically on the pre-treatment of paunch contents. 

In a study by Nkemka et al. (2015), the BMP of paunch contents, pre-treated with NaOH 

at 22 °C for 3 days, and at 70 °C and 100 °C for 24 hours, was defined using a BMP batch 

test and compared with the BMP of untreated paunch contents, over 27 days at 40 °C. 

The BMP increased with the NaOH pre-treatment. Six percent NaOH pre-treatment at 70 

°C and 100 °C increased the paunch contents solubility the most, but the difference 

between BMP outputs for untreated (299 L CH4/kg VS) and pre-treated paunch contents 

(318 L CH4/kg VS) was not considered significant. After 12.4 days in the bioreactor, the 

pre-treated paunch contents increased the production rate of the digester, yielding a 32% 

increase in biomethane levels, compared to the digester with the untreated paunch 

contents. Twenty-seven days was long enough for most of the available energy in the 

form of biomethane to be produced (Nkemka et al. 2015).  

While the Nkemka et al. (2015) study showed that NaOH pre-treatment of paunch 

contents can increase the rate of biomethane production but not the overall yield, Bai et 

al. (2023) showed that, under different experimental conditions, both NaOH and KOH 

pre-treatments can increase both the rate and yield of biomethane production during AD 

of cattle paunch contents. Using 5g of NaOH or 20g KOH per 100g TS, paunch contents 

were pre-treated for 24 h at 20 °C in 1 L polypropylene vessels. They were then adjusted 

to pH 7.0 with 1 M HCl to avoid destabilising the digester microbiome, and batch-
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digested in 310 mL serum bottles (160 mL working volume) at an inoculum to substrate 

ratio of 2.5 and 37 °C, for 50 days. The BMPs for NaOH and KOH pre-treated paunch 

contents were 442±7 L CH4/kg VS and 526±7 L CH4/kg VS, respectively, compared to 

the untreated control, which had a BMP of 336±7 L CH4/kg VS. Furthermore, up to 21% 

of lignin and 37% of hemicellulose in the paunch contents were reduced by the pre-

treatments, improving their biodegradability.   

More recently, Bai et al. (2025) optimised the KOH pre-treatment reported by Bai et al. 

(2023). In this study, 12g KOH per 100g TS was used to pre-treat paunch contents for 24 

h at 22 °C in 1 L polypropylene bottles. Prior to AD in a 5 L CSTR, the paunch contents 

were adjusted to pH 7.0 to avoid shock to the digester microbes. The substrate to inoculum 

ratio was 2.5 and the digester was operated at 37 °C over 120 days. By day 60 of the 

CSTR digestion, the BMP was 255±29 L CH4/kg VS for the KOH treated paunch 

contents, compared to an average of 103±7 L CH4/kg VS for the untreated controls. 

Furthermore, on days 32, 64 and 100 of the CSTR digestion, samples of the paunch 

contents were removed from the digester and used as the substrate for batch BMP tests in 

310 mL glass bottles. For the batch BMP tests, there was a large variability in biomethane 

yields. The BMP digesting 12% KOH pre-treated paunch contents sampled from the 

CSTR on day 34 reached a BMP of 314±6 L CH4/kg VS after 60 days, compared to the 

untreated control which had a BMP of 151±10 L CH4/kg VS. The BMP digesting 12% 

KOH pre-treated paunch contents sampled from the CSTR on day 62 reached a BMP of 

451±4 L CH4/kg VS after 60 days, compared to the untreated control which had a BMP 

of 376±7 L CH4/kg VS. Lastly, the BMP digesting 12% KOH pre-treated paunch contents 

sampled from the CSTR on day 100 reached a BMP of 157±3 L CH4/kg VS after 60 days, 

compared to the untreated control which had a BMP of 109±7 L CH4/kg VS. Additionally, 

the lignin and hemicellulose fractions present in the 12% KOH pre-treated paunch 

contents after 30 and 62 days of digestion in the CSTR were reduced by up to 8% and 9% 

compared to the untreated controls, respectively. However, the lignin and hemicellulose 

fractions were 1% higher in the 12% KOH pre-treated paunch contents removed from the 

CSTR after 100 days of digestion compared to the untreated controls. 

Physiochemical pre-treatments, like the alkaline pre-treatments used by Nkemka et al. 

(2015) and Bai et al. (2023; 2025), are effective at increasing the biodegradability and 
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biomethane yield from paunch contents. However, biological pre-treatments e.g. fungal, 

ensiling, microbial consortium or enzymatic, are advantageous over the conventional 

physicochemical pre-treatments, as they require less energy, uncomplicated equipment 

and operating conditions, can be more targeted and controllable, recycling of chemicals 

after the treatment is unnecessary, downstream processing is low-cost, and there is very 

little, or no, inhibitor formation (Xing et al. 2020). Despite the benefits of using biological 

pre-treatments on lignocellulosic wastes, at the moment, the overall economic feasibility 

of using a biological pre-treatment on paunch contents in industry is unclear, as studies 

to date have been focused on the scientific aspects of the pre-treatments. A financial 

barrier could arise from the high cost of commercial enzymes (Hosseini et al. 2019), but 

this could be bypassed by the development of low-cost bulk enzyme cocktails or recycling 

enzyme cocktails, for example. To the authors’ best knowledge, paunch contents have not 

been pre-treated biologically outside of the rumen.  

 

2.5 Rumen fluid from cattle as a source of lignocellulolytic enzymes for AD 

In addition to being a source of biomass in the form of paunch contents, the rumen is 

potentially an excellent source of microorganisms with lignocellulolytic capability. In the 

environment of the rumen, microbes degrade recalcitrant lignocellulose. Rumen fluid has 

been used to improve the degradation of alternative lignocellulose-rich wastes like PW 

(Baba et al. 2013; Takizawa et al. 2019), paper sludge (Takazawi et al. 2018), rice straw 

(Zhang et al. 2016; Deng et al. 2017), corn straw (Jin et al. 2018; Xu et al. 2024), corn 

stover (Li et al. 2017), grass clippings (Wang et al. 2018) and rapeseed (Baba et al. 2017 

& 2019) through AD. Key enzymes are likely to include cellulases and hemicellulases, 

which are important in lignocellulolytic degradation (Romano et al. 2009). A study by 

Takizawa et al. (2020), for example, showed that endoglucanases produced by 

microorganisms in rumen fluid exhibit high activity over a 24 h period when rumen fluid 

was used to treat carboxymethylcellulose. The endoglucanases were likely to be from 

uncharacterised and non-dominant microbes, which reinforces the fact that much of the 

rumen microbiome and its functions are yet to be discovered (see Section 2.6). Also, some 

endoglucanases were shown to be active between 0 h-12 h, while the others were active 

between 12 h-24 h. This reflects microbial changes in the rumen community over time 
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and the production of varying endoglucanases by different microbes (Takizawa et al. 

2020).   

2.5.1 Using cattle rumen fluid as a pre-treatment to improve biomethane yields from 

lignocellulosic wastes during AD 

From previous studies, rumen fluid from grass-fed cattle, used to pre-treat PW prior to 

semi-continuous mesophilic AD, increased the daily methane yield 2.6-fold, with a 73.4% 

BMP, after a pre-treatment time of only 6 h (Baba et al. 2013). The rumen fluid (300 mL) 

was used to pre-treat 0.3 g of PW for 6 h and 24 h at 37 °C. Then 30 mL of pre-treated 

PW was added to 600 mL of seed sludge in duplicate 1L bioreactors maintained at 35 °C 

for 20 days (untreated PW as control). There were improvements in the degradation rates 

of cellulose (from 76.5% in control reactor to 87.9% and 85.8% in the test reactors) and 

hemicellulose (from 40.6% in control reactor to 55.2% and 57.5% in the test reactors) 

with pre-treated PW as substrate. Lignin degradation improved significantly from 10.7% 

in the control reactor to 39.4% when 6-h pre-treated PW, and to 51.8% when 24 h-pre-

treated PW was used in the reactor. The theoretical methane yields for the control and 

post-AD 6 h-pre-treated PW and 24 h-pre-treated PW were 60.8%, 73.4% and 63.2%, 

respectively. The lower methane yield at the longer (24 h) pre-treatment reflected greater 

loss of carbon through microbial gas (CO2) production. Overall, this study highlighted 

the value of rumen liquid in the pre-treatment of cellulose, hemicellulose and lignin-

containing wastes. The short pre-treatment time of 6 h and 20-day reaction length in semi-

continuous bioreactors, make this option industrially attractive (Baba et al. 2013).  

Takizawa et al. (2019) also carried out PW pre-treatment with rumen fluid at 37 °C for 

48 h. The rumen fluid, also from grass-fed cattle, was preserved at 4 °C, 20 °C and 35 °C 

for 7 days. Preservation at 4 °C retained the hydrolytic capabilities of microorganisms in 

the fluid, yielded an increase in dissolved chemical oxygen demand (COD) and a 

reduction in organic carbon loss. Rumen fluid preserved at 20 °C and 35 °C, however, 

effected a 1.8- and 3.5-fold increase in CO2 production during PW. This study provides 

useful information in terms of transportation and storage longevity of rumen fluid, but 

further investigation of a longer preservation period would inform long-term storage 

possibilities.   
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In an earlier study by Takizawa et al. (2018), dewatered paper sludge (PS) was pre-treated 

with rumen fluid from grass-fed cattle for 6 h at 37 °C, prior to batch mesophilic AD for 

20 days. Rumen fluid pre-treatment increased the biomethane yield 3.4-fold compared to 

the untreated paper sludge. PS is the leftover material after production of recycled paper 

from wastepaper and is composed of organic fibres (lignocellulose) and ash. Levels of 

lignin and ash are higher than in PW, making it more recalcitrant. Neutral Detergent Fibre 

(NDF), Acid Detergent Fibre (ADF) and Acid Detergent Lignin (ADL) degradability 

increased from 30.3% to 37.2%, 36.5% to 38.2%, and 17% to 20.9% respectively, post-

AD when pre-treated paper sludge was used as substrate. The biomethane yield from 

untreated and pre-treated paper sludges post-AD were 67.9 L CH4/kg VS and 231.3 L 

CH4/kg VS, demonstrating that pre-treatment improved methane yield of paper sludge 

3.4 times. Here again, the short pre-treatment time of 6 h and AD running time of 20 days 

would be attractive to industry.  

Baba et al. (2019) used rumen fluid to treat rapeseed prior to batch AD fermentation and 

reported the effects that the rumen microorganisms had on the indigenous 

microorganisms in the seed sludge. The rapeseed was either untreated (control) or pre-

treated for 6 h or 24 h before being added in 200 mL volumes to duplicate 1 L batch 

digesters containing 400 mL of seed sludge. The digesters operated at 35 °C for 32 days. 

Pre-treated rapeseed significantly improved the biomethane yield (2,077.3 mL/reactor for 

6 h and 1790.4 mL/reactor for 24 h pre-treatment) in contrast to untreated rapeseed 

(1,325.8 mL/reactor). The effects of rumen microorganisms on flora in native seed sludge 

were also significant. Compared to the control digester, many hemicellulolytic and 

cellulolytic bacteria native to the seed sludge either decreased or did not increase in 

abundance. Conversely, rumen fluid bacteria closely associated with Ruminococcus 

albus, an established cellulolytic and hemicellulolytic bacterial species (see Section 6) 

remained established in the fermenter until the end of the process. Furthermore, a rumen 

archaeon associated with the established H2-utilizing archaea Methanosphaera and 

Methanobrevibacter, was detectable until the end of the process. This study revealed the 

importance of microbial community structure during AD in optimising methane 

production and highlights again that much remains to discover about the rumen 

microbiome.  
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Rice straw, one of the main agricultural wastes in China, was pre-treated using rumen 

fluid by Zhang et al. (2016). Rice straw was pre-treated at 39 °C for 120 h prior to AD at 

35 °C for 30 days in 1 L batch digesters with a working volume of 500 mL; untreated rice 

straw was used as the control. The biomethane yield increased by 40.5-82.6% when pre-

treated rice straw was digested versus the untreated rice straw (pre-treated rice straw 

methane yields ranged from 218.5-285.1 L CH4/kg VS, while the control yielded 156.1 

L CH4/kg VS). The optimal pre-treatment time for biomethane yield, in this study was 24 

h. Between 12-24 h, the biomethane yield increased and when the pre-treatment was 

longer than 24 h the yield decreased. After 24 h of pre-treatment, a significant degradation 

of lignin (~15%), hemicellulose (~38%) and cellulose (~28%) was observed. However, 

this study did not analyse the effects of pre-treatments <12 h on methane yield post-AD, 

which based on studies by Baba et al. (2013 & 2019) would be interesting.  

More recently, rumen fluid was used to treat corn straw to improve its BMP (Xu et al. 

2024). Corn straw is an abundant agricultural waste in China, where approx. 270 million 

tonnes are produced annually (Zhang et al. 2023). In the Xu et al (2024) study, corn straw 

(3g TS) was mixed with 50 mL rumen fluid and 50 mL buffer and pre-treated at 39 °C 

for 24 h in a 250 mL reactor prior to AD. After the pre-treatment step, 128 mL of inoculum 

was added to the reactor and a BMP was carried out at 39 °C for 38 days. The pre-

treatment resulted in a BMP of 214.3±13.4 L CH4/kg VS, 23% more than the BMP of the 

untreated corn straw. Overall, it is clear that rumen fluid pre-treatment of lignocellulosic 

wastes may be a suitable option to improve their BMP. 

2.5.2 Co-digestion of lignocellulosic wastes with cattle rumen fluid to improve 

biomethane yields during AD 

Another approach to promote increased biomethane production from lignocellulosic 

wastes is through co-digestion with rumen fluid. Ince et al. (2019) added rumen fluid 

directly to the seed sludge in a batch fermenter, with untreated barley as the 

lignocellulosic substrate. Compared to AD of seed sludge and barley only, the biomethane 

yield was increased by 18% when rumen fluid was added (from 235 L CH4/kg VS to 278 

L CH4/kg VS) and digesters were operated at 37 °C, and an inoculum to substrate ratio of 

1:2. Rikenella, a known cellulolytic genus, had a significantly higher abundance in 

digesters containing rumen fluid, while Methanobrevibacter species were the dominant 
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methanogens. In contrast, Methanobacterium was the dominant genus in the digesters 

without rumen fluid. The work by Ince et al. (2019), like that of Baba et al. (2019) 

suggests the importance of microbial community structure during AD in the optimisation 

of biomethane production.   

A study by Wall et al. (2015) examined co-digestion of grass silage with rumen fluid. 

Grass silage used in this study was at an advanced stage of growth, of low quality and 

high in fibre, making it very recalcitrant. The study examined two different sizes of silage 

particles (1 cm and 3 cm in size). Batch fermentation tests were carried out in triplicate 

for 30 days at 37 °C   in 750 mL fermenters (400 mL working volumes) at a 1:2 inoculum 

to substrate ratio. Interestingly, when BMP tests were carried out on the digesters, no 

statistically significant difference existed between any of the SMYs, with or without 

rumen fluid. All were 340-350 L CH4/kg VS, suggesting that the rumen fluid or silage 

particle size had no impact on the SMYs. The 1 cm and 3 cm silage particles with or 

without rumen fluid were also digested in 5 L CSTRs (4 L working volume) over a HRT 

of 31 days at 37 °C. The OLR was maintained at 2.5 kg VS/m3/day. No impact of the 

addition of rumen fluid on the methane yield was observed when co-digested with 3 cm 

silage particles (343 and 342 L CH4/kg VS SMYs for the digesters ± rumen fluid). In 

contrast, the 1 cm silage particles co-digested with rumen fluid, in the semi-continuous 

reactor, produced a higher SMY than the reactor without rumen fluid with the same sized 

silage particles (371 L CH4/kg VS). This digester also had a significantly higher SMY 

than the corresponding predicted BMP of 350 L CH4/kg VS, and digester stability was 

much greater in the rumen fluid-containing digester overall. The similar SMYs between 

the semi-continuous reactors with 3 cm particles of silage, with and without rumen fluid, 

could be explained by mechanical issues, blockage of the outlet port and silage floating 

to the reactor surface. Overall, this study showed that rumen fluid can improve 

biomethane yield from a semi-continuous reactor when added as a co-substrate and can 

increase stability of the microbial community in the digester. It also demonstrates the 

difficulties in using BMP tests to predict SMYs of larger, continuous digesters, as 

variables like mechanical stress are not included. 

Nagler et al. (2019) studied the co-digestion of rumen fluid, corn straw and cow manure 

(working volume 300 mL) in 500 mL batch fermenters at 37 °C over 31 days. The 
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substrate ratios in each fermenter were either 20% rumen fluid to 80% manure, 40% 

rumen fluid to 60% manure, 100% manure (control 1) or 100% rumen fluid (control 2), 

followed by the addition of 16 g/L corn straw to the test (not control) fermenters. The 

methane production for the fermenters after 31 days with 20% and 40% rumen fluid was 

292 and 279 L CH4/kg VS, respectively. In the fermenters containing 100% manure and 

100% rumen fluid, 260 and 6.1 L CH4/kg VS were produced. Therefore, the effect of 

rumen fluid on methane amount compared to the fermenter with cattle manure only was 

not significant, though as rumen fluid volume in the fermenter increased, methane 

formation accelerated. By day 22, 90% of the total biomethane yield was reached in the 

100% manure fermenter, whereas it was achieved by day 16 and day 17 in the 40% and 

20% rumen fluid-containing fermenters, respectively. After 31 days, 49%, 78%, 78% and 

81% of hemicellulose and 50%, 77%, 83% & 84% of cellulose were degraded in the 

100% rumen fluid, 100% manure, 20% rumen fluid and 40% rumen fluid-containing 

fermenters. However, lignin was not significantly degraded in any of the fermenters, even 

with the long HRT of 31 days.  The optimal ratio for rumen fluid to substrate in batch AD 

needs to be further investigated, to maximise methane yield and reduce the HRT and 

increase industrial feasibility.  

Corn straw was also semi-continuously co-digested with rumen fluid and pig manure by 

Jin et al. (2018), using a CSTR at 39 °C with an HRT of 36 days. First, using batch 

fermentation, pig manure was fermented with corn straw for 3 days at 39 °C at a ratio of 

1:1. This facilitated optimal VS degradation (79%) of these substrates. Then, the pre-

treated substrates were added to a 4 L CSTR containing 1 L of rumen fluid and 3 L of tap 

water saturated with CO2 at an OLR of 1 g VS/L/day (first 27 days of HRT) or 2 g 

VS/L/day (last 9 days of HRT). A biogas yield of 430 L/kg VS was obtained, with 60% 

biomethane content. Although the pre-treatment was carried out prior to CSTR, this study 

concluded that the co-digestion of substrates with rumen fluid played the largest role in 

biomethane production, which concurs with findings by Ince et al. (2019) and Nagler et 

al. (2019). Furthermore, biogas production almost doubled from 1.72 L/kg/day to 3.4 

L/kg/day when the OLR was increased to 2 g VS/L/day. Further research is needed to 

determine the optimal OLR of corn straw to maximise methane production and to reduce 

the process HRT. 
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Deng et al. (2017) co-digested rumen fluid with methanogenic seed sludge and rice straw 

in a 3 L semi-continuous digester (working volume of 2 L) over 48 days at 39 °C. The 

control reactor did not contain the methanogenic seed sludge. The OLR was varied every 

16 days during the process - for the first 16 days it was 3 g/day, 7 g/day for the next 16 

days and 14 g/day for the final 16 days. The co-inoculum consisted of 20% (v/v) rumen 

fluid with the seed sludge, and the rice straw was added every 4 days. On day 3, the 

methane yield in the test reactor was 132.32 mL/day, on day 7 it was 240.53 mL/day, and 

on day 17, it was 357.68 mL/day. These methane yields were 1.79, 2.07 and 2.26-fold 

higher than the yields in the control reactor at the same stages. An increase in OLR 

directly correlates with biogas production in the digester, while the methane content of 

the biogas produced was 32-44% in the test reactor compared to 24-28% in the control 

reactor. According to Deng et al. (2017), increased methane content in the test reactor 

was due to the consumption of VFAs, produced during the hydrolytic action of rumen 

microbes, by methanogens in the seed sludge. The dominant methanogenic archaeal 

genera were Methanobrevibacter and Methanosarcina in the test reactor. A decrease in 

the abundance of Methanobacterium and Methanosphaera genera was noted, in 

agreement with the Ince et al. (2019) who identified Methanobacterium as the dominant 

archaeon in the digester with no rumen fluid. Co-inoculation also changed the cellulolytic 

bacterial composition in the test reactor, with Clostridium and Ruminococcus increasing, 

and some rumen bacterial genera disappearing e.g. Fibrobacter, Bacteroides and 

Acetivibrio. Therefore, the combination of rumen fluid with a methanogenic seed sludge 

during AD of rice straw appeared to promote synergy between cellulolytic and 

methanogenic microorganisms in the digester thereby increasing biomethane yield. The 

authors proposed that synergy occurs specifically between the Ruminococcus and 

Methanobrevibacter species. Similar changes in digester microbiota profiles were 

reported by Baba et al. (2019) (see section 5.1), with both these genera establishing 

themselves during AD until the end of the AD process. Ince et al. (2019) also reported 

Methanobrevibacter as the dominant methanogen in co-digestion of rumen fluid, seed 

sludge and barley, while Ozbayram et al. (2017) reported the crucial role of 

Ruminococcaceae, amongst other bacterial families, in methane production during the 

co-digestion of rumen fluid with cow manure. Investigation of potential synergistic 

interactions between Ruminococcus and Methanobrevibacter during co-digestion of 
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rumen fluid, methanogenic seed sludge and lignocellulosic wastes, is needed to improve 

the biomethane production in the digester.  

2.5.3 Is using rumen fluid as a pre-treatment or as a co-substrate for lignocellulosic 

wastes prior to/during AD economically feasible? 

The economic feasibility of using rumen fluid as a pre-treatment or co-substrate for 

lignocellulosic wastes in AD is uncertain, as studies to date have focused on the scientific 

aspects of the process rather than the economic aspects. For slaughterhouses, the rumen 

fluid from the dewatering of paunch contents could be filtered and used to pre-treat or co-

digest paunch contents prior to/during AD rather than sending it to a wastewater treatment 

plant. This could prove to be economically favourable, as pre-treatments and co-

substrates would not have to be sourced externally. Supplying other AD facilities with 

rumen fluid would also reduce the waste sent to wastewater treatment plants. However, 

economically feasibility for other industries would depend on variables like the storage 

conditions necessary to preserve rumen fluid, transportation distance and costs, the cost 

and installation of an anaerobic digester, and labour costs.  

As mentioned previously, Takizawa et al. (2019) showed that for rumen fluid to be 

effectively preserved to retain most of the microbial hydrolytic activities, it should be 

stored at 4 °C. When stored at 20 °C, the hydrolytic activity of the rumen fluid on PW 

dramatically decreased over 7 days. Therefore, refrigeration units would be needed to 

maintain the hydrolytic capabilities of rumen fluid. As it is unclear, from this study, if 

rumen fluid hydrolytic abilities are maintained after 7 days at 4 °C, further research on its 

hydrolytic longevity should be carried out at this temperature to establish duration of 

storage. Using rumen fluid as a pre-treatment or co-substrate prior to/during AD could 

therefore be feasible for AD facilities located close to a slaughterhouse, where frequent 

collection of fresh rumen fluid is feasible to avoid storage costs. 

A way to reduce the costs of transporting and storing rumen fluids could be to concentrate 

the rumen fluid. Takizawa et al. (2020) carried out rumen fluid flocculation with 0.7% 

poly-ferric sulphate to reduce the liquid volume by 77.3%, while maintaining its fibrolytic 

capabilities against tomato leaves. However, this method of concentration warrants 

further investigation to fully uncover its effects on the rumen fluid microbiota. Functional 
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assessment of the concentrated rumen fluid in efficient degradation of alternative 

lignocellulosics needs to be explored. 

2.5.3.1: The economic feasibility of using rumen fluid to pre-treat paper sludge waste 

at an industrial paper mill for biomethane production through AD. 

A paper mill in Southern Italy, the largest in the Campania region, with a recycled paper 

production capacity of 20 tonnes/day, was analysed for its potential to produce 

biomethane for use in an existing CHP system, from rumen fluid pre-treated paper sludge. 

An environmental assessment carried out by Ferrara & De Feo (2021) detailed the energy 

inputs into the facility and amounts of electrical and thermal energy that are produced 

from the CHP unit on-site, as well waste products and quantities produced by the paper 

production process. These energy values and waste quantities were used as the basis of 

the analysis in this review.   

The Italian paper mill produces packaging paper. The materials used are all recycled - the 

cardboard and paper waste used are sourced from separated municipal solid waste. The 

production of recycled paper is very energy intensive, e.g. 453.76 kWh of electrical 

energy and 1,122.84 kWh of thermal energy per tonne, provided by a natural gas-fired 

CHP system. The CHP system provides surplus electrical energy (246 kWh/tonne paper 

produced), which is sold to the national electrical grid. When the CHP unit has 

maintenance downtime, electricity (26.76 kWh/tonne paper produced) is sourced from 

the electricity grid to power the mill. The wastes produced are mostly pulper waste and 

metals; pulper waste consists mainly of plastics and fibre waste. Fibre waste is also known 

as paper sludge, which is the lignocellulosic material and ash left over after the production 

of recycled paper. Per tonne of paper, 52.61 kg of paper sludge is produced, all of which 

is sent for landfilling or incineration (Takizawa et al. 2018; Ferrara & De Feo, 2021).  

Based on the study by Takizawa et al. (2018) where paper sludge pre-treated with rumen 

fluid prior to batch AD yielded a 3.4 fold increase in biomethane production (Section 

5.1), digesting pre-treated paper sludge could be a way to obtain sustainable energy for 

this paper mill. Assuming a total solids content of 49.3% (Takizawa et al. 2018), 52.61 

kg of paper sludge waste (Ferrara & De Feo, 2021) has 25.94 kg total solids. An assumed 

VS content of 31.2% of the total solids (Takizawa et al. 2018), would give 8.09 kg 
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VS/tonne waste. Therefore, per tonne of paper produced, the potential biomethane yield 

could be 1.86 m3, if rumen fluid pre-treated paper sludge was anaerobically digested. 

Based on annual production of 7,300 tonnes of paper (20 tonnes/day), 13,578 m3 of 

biomethane could potentially be produced from the paper sludge waste (see Table 2.3). 

Per m3 methane, there are 37 MJ of energy potential (Ware & Power 2016). Annual 

energy production of the paper mill is therefore 135,644.26 kWh (biogas losses included 

at 2.8% (Ware & Power, 2016)). If combusted in a CHP unit with a thermal efficiency of 

55% (Ferrara & De Feo, 2021), 74,604.34 kWh of thermal energy would be produced. 

With an electrical efficiency of 45%, 61,039.92 kWh of electrical energy could be 

produced from the CHP unit.  

Biomethane production costs would need to be considered. For example, the energy 

consumption of a bioreactor is taken as 10 kWh/tonne feedstock added (Ware & Power, 

2016), i.e. an annual electrical energy consumption of 73,000 kWh. A screw press to 

dewater the paper sludge could require 6.25 kWh electrical energy/tonne paper produced 

(Ware & Power, 2016), or an electrical energy consumption of 45,625 kWh annually.  

This leaves 118,625 kWh net electrical energy input into the biomethane production 

process.  

Overall, 1.78% and 0.91% of electrical and thermal energy required annually by the paper 

mill could be supplied by AD of rumen fluid pre-treated paper sludge. In the EU in 2023, 

1 kWh of electricity to industry cost on average 22.91c, while 1 kWh of gas was 6.57c, 

excluding Value Added Tax (SEAI, 2025). Therefore, the paper mill could save 

€13,984.25 and €4,901.51 of electrical and thermal energy annually (see Table 2.3). The 

energy recovery from rumen fluid pre-treated paper sludge would benefit the paper mill 

environmentally, as it would reduce the waste output to landfill or for incineration, while 

reducing the annual energy required from natural gas by 1.17%. However, labour and 

digester maintenance costs are not considered in this analysis. Furthermore, this paper 

mill does not have an anaerobic digester on-site. Therefore, an initial investment of 

$500,000-$6,000,000 USD in a bioreactor would be required (EPA AgStar, 2012).  
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Table 2.3: Energy analysis of biomethane produced annually from rumen fluid pre-

treated paper sludge waste available from an Italian paper mill combusted using a CHP 

system.  

Potential gross energy production from rumen fluid pre-treated paper sludge waste AD 

CH4 yield of paper sludge from batch fermentation (HRT = 20 days):  1.86 m3 CH4/tonne of 

paper produced 

Annual paper production: 7,300 tonnes per year (20 tonnes/day) (Ferrara & De Feo, 2021) 

CH4 production: 7,300 x 1.86= 13,578 m3 CH4
 per year 

Lower heating value of CH4: 37 MJ/m3 (Ware & Power, 2016) 

2.8% biogas losses prior to utilisation: 13,578 x 0.972 = 13,197.82 m3 CH4 per year (Ware & 

Power, 2016) 

Annual gross energy production: 13197.82 x 37 = 488319.34 MJ = 135,644.26 kWh 

Potential annual energy input  

Screw press: 6.25 kWh x 7,300 = 45,625 kWh (Ware & Power, 2016) 

Digester: 10 kWh x 7,300 = 73,000 kWh (Ware & Power, 2016) 

External electricity input at biogas facility: 118,625 kWh 

Potential energy production from CHP unit annually 

Electricity @ 45% efficiency: 0.45 x 135,644.26 = 61,039.92 kWh (Ferrara & De Feo, 2021).  

Thermal @ 55% efficiency: 0.55 x 135,644.26 = 74,604.34 kWh (Ferrara & De Feo, 2021). 

Potential energy substitution 

Energy demand of paper mill: 1576.6 kWh/tonne paper produced from natural gas (Ferrara & 

De Feo, 2021). 

Annual energy demand: 1576.6 x 7,300 = 11,509,180 + 118,625  = 11,627,805 kWh 

Electricity consumed by paper mill @ 29.51%*: 0.2951 x 11,627,805 = 3,431,365.25 kWh 

Thermal energy consumed by paper mill @ 70.49%: 0.7049 x 11,627,805 = 8,196,439.74 kWh 

Potential electricity subsidised: 61,039.92/3,431,365.25= 1.78% 

Potential thermal energy subsidised: 74,604.34/8,196,439.74= 0.91%  

Net energy demand of facility subsidised annually: 2.69%  

Potential financial savings: 

Electricity: 61,039.92 x €0.2291 = €13,984.25 (SEAI, 2025) 

Thermal energy: 74,604.34 x €0.0657= €4,901.51 (SEAI, 2025) 

Total annual potential financial savings: €18,885.76 

Annual reliance on natural gas decrease: 135,644.26 kWh/11,627,805 kWh = 1.17% 

*453.76 kWh/tonne paper produced x 20 tonnes/day x 365 days = 3,312,448 kWh (Ferrara & De Feo, 

2021). 3,312,448 kWh + 118,625 kWh external energy input for biomethane production = 3,431,073 kWh. 

3,431,073 kWh/11,627,805 kWh = 29.51% electrical energy consumed by paper mill, remainder consumed 

as thermal energy (70.49%). 
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Moreover, if the paper mill did not have a slaughterhouse nearby, with the current 

knowledge available on preservation and concentration of rumen fluid (Takizawa et al. 

2019 & 2020), it may be less feasible to use rumen fluid daily both in terms of longevity 

of the rumen fluid and the transportation costs. If adopted, it could take time to financially 

profit from this system due to the large initial investment in an anaerobic digester, and 

relatively small annual energy savings, but co-digestion with complementary substrates, 

e.g. food waste could be considered to increase the biomethane yield (Lin, Y. et al. 2013).   

2.6 The rumen microbiome 

At the moment, although our knowledge of the rumen microbiome is growing, very few 

microorganisms from this environment have been cultured or are well understood. To use 

rumen microorganisms and their enzymes to develop efficient pre-treatments, and to 

optimise co-digestion protocols, requires better understanding of their functions. Over the 

last decade, because of its exceptional ability to degrade recalcitrant material, significant 

research has been undertaken on the rumen microbiome, in particular, its bacterial and 

archaeal microbiomes. Various metagenomic studies using high-throughput sequencing 

of 16s and/or 18s rRNA PCR products showed that bacteria make up the vast proportion, 

population-wise, of the rumen microbiome (Kim et al. 2011; Henderson et al. 2015; Xing 

et al. 2020). In examples where the relative abundance of the phyla differ between studies, 

the age of the animal, diet and the DNA extraction method used are thought to underpin 

observed differences (Henderson et al. 2013, 2015; Jami et al. 2013). CAZymes from 

rumen microorganisms will be the focus of this section. 

2.6.1 Bacterial and archaeal carbohydrate-active enzymes (CAZymes) in the rumen 

The hydrolysis of complex lignocellulosic substrates is mediated by a plethora of 

CAZymes (and accessory proteins), with complementary and synergistic activities 

against polysaccharides present in a given substrate. A metagenomic sequencing study 

carried out by Stewart et al. (2018) resulted in the assembly of 913 draft genomes of 

bacteria and archaea from the 43 Scottish cattle rumens and established the predicted 

CAZymes present in their genomes. This study revealed very similar bacterial and 

archaeal relative abundances to those reported previously (Jami et al. 2013; Henderson et 

al. 2015; Seshadri et al. 2018). The 913 draft genomes contained almost 2,000,000 
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predicted proteins, of which almost 70,000 were predicted as carbohydrate-active when 

searched against the CAZy database. To check for novelty, these carbohydrate-active 

proteins were compared to gene predictions from Hess et al. (2011), in UniProt, TrEMBL, 

nr, ENV-nr and M5nr. Only 8.7% had >95% identity to any of the sequences in these 

databases, meaning that almost 64,000 of the proteins were novel. Altogether, the draft 

genomes contained ~40,000 glycoside hydrolases, ~20,000 glycosyl transferases, ~9,000 

carbohydrate esterases, ~1,000 polysaccharide lyases, ~2,500 carbohydrate-binding 

proteins and 154 proteins with auxiliary activities. The glycoside hydrolases and glycosyl 

transferases were numerous in the family Prevotellaceae and in other members of the 

order Bacteroidales, along with some members of the order Clostridiales. However, they 

were largely absent in the Proteobacteria and Archaea. All predicted carbohydrate-active 

proteins (except for auxiliary activities) were found to be 65-72% identical to the protein 

sequences publicly available at the time. The median identity of the protein sequences 

with auxiliary activities was about 83%. Furthermore, 15 of the 913 draft genomes 

encoded predicted proteins with cohesin domains, indicating that the source microbes 

may produce cellulosomes. Nine of the draft genomes appeared to cluster closely with R. 

flavefaciens, a species known to produce cellulosomes and a dominant bacterium with 

cellulolytic capabilities in the rumen (Bayer et al. 2004; Israeli-Ruimy et al. 2017). 

However, the predicted proteins were only 70-80% identical to those of R. flavefaciens, 

suggesting that, at the protein level, the nine draft genomes are notably different to the 

Ruminococcaceae identified prior to the study by Stewart et al. (2018). Five of the 15 

mapped to the order Clostridiales, while the remaining draft genome was assigned to the 

family Prevotellaceae. Polysaccharide-utilization loci (1,743) were identified in 203 of 

the draft genomes, with 187 genomes having more than one locus. The two draft genomes 

with the largest number of loci (37+35), and others that had large numbers of loci, 

clustered with Prevotella multisaccharivorax, whose ability to use many polysaccharide 

substrates is known (Sakamoto et al. 2005). Beta- and alpha- glucosidases were the best 

represented enzymes in loci within the draft genomes, followed by beta-galactosidase. 

Other enzymes commonly found in these loci were arabinanases, xylanases, levanases 

and enzymes involved in the degradation of mannans and pectins (Stewart et al. 2018). 

A follow-on study by Stewart et al. (2019) increased the number of assembled rumen 

genomes to 5,845. The relative abundances of bacteria and archaea in this 2019 study 
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remained very similar to the studies mentioned previously. However, in the Global 

Rumen Census by Henderson et al. (2015), a core rumen microbiome was said to be 

comprised of Prevotella, Butyvibrio and Ruminococcus, along with unclassified 

Lachnospiraceae, Ruminococcaceae, Bacteroidales and Clostridiales. While these 

species were dominant in the 2019 study, multiple abundant Proteobacteria were also 

identified in this dataset (and in the Rumen Census data). Therefore, the authors of the 

2019 study proposed adding these Proteobacteria to the core rumen microbiome (Stewart 

et al. 2019). 

There were 10.69 million predicted proteins in the draft genomes of the study by Stewart 

et al. (2019). However, none of the carbohydrate-active proteins had a mean protein 

identity >60%, suggesting that the CAZy database may not currently reflect the 

carbohydrate-active enzyme diversity present in ruminant microbe genomes. Proteins 

with auxiliary activities had <30% mean protein identity with CAZy database proteins. 

As this class includes lytic polysaccharide monooxygenases and lignin-degrading 

enzymes, the findings highlight the potential of the rumen to harbour novel ligninolytic 

enzymes and suggest the need to mine further datasets and samples to increase scientific 

knowledge of this multi-component, efficient microbial system for biomass pre-

treatment. Such studies would identify and enhance the likelihood of future 

biotechnological applications. 

2.6.2 Fungi in the rumen: less well understood agents of biodegradation 

While our understanding of bacteria and archaea in the rumen microbiome has expanded 

significantly, our understanding of fungi in the rumen, their true diversity and function as 

biomass degraders is comparatively less well understood. Studies have revealed that fungi 

in the rumen are very important for breakdown of complex plant organic matter (i.e. cell 

wall) (Youssef et al. 2013; Solomon et al. 2016; Haitjema et al. 2017; Hagen et al. 2020; 

Stabel et al. 2020; McAllister et al. 2024). At present, 22 genera of rumen anaerobic fungi 

have been isolated and described from various herbivores; all fungi belong to the 

Neocallimastigomycota (see Table 2.4; Youssef et al. 2013; Haitjema et al. 2017; Hanafy 

et al. 2017, 2020; Paul et al. 2018; Stabel et al. 2020; Pratt et al. 2023). In previous studies, 

the potential of specific anaerobic fungi to produce lignocellulose-degrading enzymes 

had been identified (Ljungdahl, 2008). However, using transcriptomics, it has been shown 
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that rumen fungi produce a huge range of CAZymes, reinforcing their importance in the 

degradation of lignocellulose (Henske et al. 2018; Gruninger et al. 2019).  

Table 2.4: Genera and species of anaerobic gut fungi cultivated to date. 

Genus Species 
Thallus, flagella and 

rhizoids 
Reference 

Neocallimastix 

frontalis, 

patricarium, 

hurleyensis, 

variabilis 

Monocentric, 

polyflagellate, filamentous. 

(Orpin, 1975; 

Orpin and Munn, 

1986; Webb and 

Theodorou, 1991; 

Ho et al. 1993) 

Caecomyces 

equi 

communis 

sympodialis 

Polycentric, uniflagellate, 

Bulbous. 

(Orpin, 1976; Gold 

et al. 1988; Chen et 

al. 2007) 

Piromyces 

communis, mae, 

dumbonica, 

citronii, 

minutus, 

polycephalus, 

rhizinflata, 

spiralis 

Monocentric, uniflagellate, 

Filamentous. 

(Barr et al. 1989; 

Li et al. 1990; 

Breton et al. 1991; 

Ho et al. 1993; 

Gaillard-Martinie 

et al. 1995; Chen et 

al. 2002) 

Oontomyces anksri 
Monocentric, uniflagellate, 

filamentous 
(Dagar et al. 2015) 

Buwchfawromyces eastonii 
Monocentric, uniflagellate, 

filamentous 

(Callaghan et al. 

2015) 

Pecoramyces ruminantium 
Monocentric, uniflagellate, 

filamentous 

(Hanafy et al. 

2017) 

Orpinomyces 
bovis, joyonii, 

intercalaris 

Polycentric, polyflagellate, 

filamentous 

(Barr et al. 1989; 

Breton, 1989; 

Breton et al. 1990; 

Ho and Barr, 1995) 

Anaeromyces 

mucronatus 

elegans 

corallioides 

Polycentric, uniflagellate, 

filamentous 

(Breton et al. 1990; 

Ho et al. 1990; 

Pratt et al. 2025) 

Cyllamyces aberensis 
Polycentric, uniflagellate, 

bulbous. 

(Ozkose et al. 

2001) 

Feramyces austinii 
Monocentric, 

polyflagellate, filamentous 

(Hanafy et al. 

2018) 

Liebetanzomyces polymorphus 
Monocentric, uniflagellate, 

filamentous 
(Joshi et al. 2018) 

Aestipascuomyces dupliciliberans 
Monocentric, 

polyflagellate, filamentous 
(Stabel et al. 2020) 

Agriosomyces longus 

Monocentric, 

Uni-/bi-flagellate, 

filamentous 

(Hanafy et al. 

2020) 
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Aklioshbomyces papillarum 

Monocentric, 

Uni-/bi-/tri-flagellate, 

filamentous 

(Hanafy et al. 

2020) 

Capellomyces 
foraminis, 

elongatus 

Monocentric, 

Uni-/bi-/tri-flagellate, 

filamentous 

(Hanafy et al. 

2020) 

Ghazallomyces constrictus 

Monocentric, 

polyflagellate, 

filamentous 

(Hanafy et al. 

2020) 

Joblinomyces apicalis 

Monocentric, 

Uni-/bi-flagellate, 

filamentous 

(Hanafy et al. 

2020) 

Khoyollomyces ramosus 

Monocentric, 

monoflagellate, 

filamentous 

(Hanafy et al. 

2020) 

Tahromyces munnarensis 

Monocentric, 

Uni-/bi-/tri-flagellate, 

filamentous 

(Hanafy et al. 

2020) 

Paucimyces polynucleatus 

Polycentric, 

monoflagellate, 

filamentous 

(Hanafy et al. 

2021) 

Testudinimyces gracilis 

Polycentric, 

monoflagellate, 

filamentous 

(Pratt et al. 2023) 

Astrotestudinimyces divisus 

Polycentric, 

monoflagellate, 

filamentous 

(Pratt et al. 2023) 

 

A recent study by Hagen et al. (2020) attempted to define the functional roles of rumen 

fungi through meta-proteomics. Air-dried switchgrass was incubated in two cannulated 

Holstein-Friesian cows for 48 h (in nylon bags to select for lignocellulolytic enzymes). 

Protein and RNA extraction was carried out on the switchgrass after this period for 

proteomics and transcriptomics analyses. The protein profiles from the switchgrass fibre 

and the rumen fluid were mapped against RUS-refDB, a database containing 122 

microbial genomes associated with the rumen, including bacterial metagenome-

assembled genomes and isolates from bacteria, fungi and archaea, along with 

metagenome assembled viral scaffolds recovered from metagenome analysis (Hess et al. 

2011; Parks et al. 2017). This mapping allowed the identification of 4,673 protein groups 

and showed a strong positive correlation between the proteins present in the samples from 

both Friesian cows. A large proportion of proteins detected in the meta-proteome that 
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were of fungal origin (316-787 proteins) aligned well with predicted proteins present in 

the genomes of Neocallimastix californiae and Piromyces finnis. Interestingly, not many 

proteins mapped to both prokaryotes and fungi, despite evidence from previous studies 

of extensive levels of horizontal gene transfer between the microorganisms in the rumen 

(Haitjema et al. 2017; Murphy et al. 2019; Wang et al. 2019; Hagen et al. 2020). This 

suggests divergent evolution of specific proteins of potential functional significance in 

fungi and prokaryotes.  

Fungal CAZymes appeared to be more associated with fibre-adherent samples than in the 

rumen fluid samples, whereas bacterial CAZyme levels did not appear to differ as 

significantly between the rumen fluid and fibre-adherent samples. Glycosyl hydrolases in 

GH48 and GH6 families accounted for the largest group of fibre-adherent proteins 

associated with rumen fungi in this study. GH48 family proteins include reducing-end 

cellobiohydrolases, endo-1,4-β-glucanases and chitinases, known to synergise with other 

cellulolytic enzymes in the degradation of recalcitrant cellulosic biomass (Parsiegla et al. 

2008). The GH48 enzymes in this dataset were found to contain Type-II dockerin 

domains in tandem repeats, which suggests their presence in cellulosome complexes, and 

therefore their potential inclusion in enzyme complexes with multiple modules that 

efficiently degrade cellulose in its crystalline form. The GH48 family enzymes aligned 

well with predicted proteins from Orpinomyces sp. as did proteins from families GH1, 

GH3, GH5_1 and GH6. Protein sequences of xylanases belonging to the GH43 family 

were also well aligned to the reference fungal genomes. Interestingly, no polysaccharide 

lyase proteins were detected in the meta-proteome, although the reference database 

contained 314 genes encoding GH43 members. No enzymes that play a key role in lignin 

degradation were found in the metaproteome. Degradation of their substrates (lignin and 

pectin) occurs later on in the digestion process i.e. beyond the 48 h sampling point (Hagen 

et al. 2020). 

Rumen fungi also degrade the sclerenchyma, which are the hardest cell wall tissues, to a 

greater degree than rumen bacteria. Fungal rhizoids can penetrate cell walls, which also 

facilitates access by other lignocellulolytic microbes like bacteria into the cell wall 

thereby promoting further cell wall degradation. So far, as mentioned earlier, there are 

only 22 cultured genera of fungi from the rumen, many of which have only been cultured 
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in recent years (Table 2.4). Clearly, there is much work to be done, on the identification 

and culturing of rumen fungi, as information from earlier studies may have been limited 

by the paucity of sequence information and tools to identify new genera and species.  

Furthermore, it is important to elucidate the arsenal of enzymes and accessory proteins 

rumen fungi produce for lignocellulose degradation, both in isolated cultures and in co-

cultures with other rumen microorganisms, using functional proteomics approaches. In 

this way, we can begin to fully understand the true importance and contribution of these 

important eukaryotic microorganisms to the degradation of the most recalcitrant fractions 

of grass (Akin et al. 1983; Grenet et al. 1989; Paul et al. 2018).  

2.7 Discussion and future perspectives 

It is clear that paunch contents are a viable option as a source of sustainable energy. Not 

only would the widespread use of paunch contents in AD reduce slaughterhouses energy 

costs, but also it would help to create a circular economy within slaughterhouses. In an 

Irish context, this would have the potential to increase Ireland’s Renewable Energy Shares 

(Ware and Power, 2016). If AD of paunch contents was to become more efficient in terms 

of biomethane production and better utilisation of the substrate, the slaughterhouses could 

potentially profit by contributing excess biomethane into the national gas grid. Ways to 

increase the biomethane yield of paunch contents discussed in this review include the 

development of a suitable pre-treatment prior to AD, or the development of a co-digestion 

protocol with rumen fluid, which could reduce the recalcitrance of the lignocellulose-rich 

paunch contents (Nkemka et al. 2015; Bai et al. 2023; 2025). This review also discusses 

the uses of rumen fluid as a pre-treatment or co-substrate prior to/during AD for 

biomethane production from alternative lignocellulosic wastes. The approach of using the 

entire rumen fluid microbiome to improve biomethane yield from AD is promising but 

needs optimisation. The study of a paper mill in this review (Section 5) showed that 

utilising rumen fluid pre-treated paper sludge in AD has the potential to reduce the paper 

mill’s carbon footprint by reducing annual natural gas usage. Approaches to increase the 

biomethane yield from this process should be investigated. It may be possible to develop 

enzymatic pre-treatments derived from rumen microorganisms, as the rumen microbiome 

is an extremely efficient degrader of lignocellulose (Sections 4.2.2 – 6), to also degrade 

other lignocellulose-rich wastes. However, before this is possible, many more rumen 
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microorganisms must be cultured, their CAZymes studied in detail using proteomics, 

their potential synergies investigated, and the applicability of these cell factories as an 

enabling technology investigated further. As highlighted, much remains to be done to 

achieve this goal, primarily due to the difficulties in culturing anaerobic microorganisms. 

It is clear also that more bio-discovery studies are required, as to-date, an overwhelming 

focus has been placed on studying the bacterial and archaeal populations in the rumen, 

even though it has been shown that fungi are responsible for degrading the most 

recalcitrant fraction of the grass (Section 6). As many rumen microorganisms are yet to 

be cultured and studied in detail, novel microorganisms from environments other than the 

rumen could also be used to prepare inexpensive and effective pre-treatments for paunch 

contents. For example, alkali- and thermotolerant xylanases were discovered in marine 

fungi (Raghukumar et al. 2004). Therefore, their enzymes could be used with NaOH or 

thermal pre-treatments, in a combined biological and chemical pre-treatment strategy. 

Overall, further research into potential pre-treatments or combinations of pre-treatments, 

and approaches to utilise rumen microorganisms (especially fungi) is needed to make the 

AD of valuable resources like paunch contents and other lignocellulosic wastes cost and 

energy efficient. 
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Chapter 3: Induction and Characterisation of Lignocellulolytic 

Activities from Novel Deep-Sea Fungal Secretomes 

This chapter was published on the 23 August 2023 in Fermentation, for the special issue 

“Fermentation: Screening, Enzyme Induction and Production”. Citation: Dowd, B.; 

Tuohy, M.G. Induction and Characterisation of Lignocellulolytic Activities from Novel 

Deep-Sea Fungal Secretomes. Fermentation 2023, 9, 780. 

https://doi.org/10.3390/fermentation9090780. Author contributions: BD planned and 

carried out the experiments, and drafted the manuscript with contributions from MT.  

Abstract: Fungi are increasingly recognised as being able to inhabit extreme 

environments. The deep sea is considered an extreme environment because of its low 

temperatures, high hydrostatic and lithostatic pressures, 3.5% salinity, and low oxygen, 

nutrient and light availability. Fungi inhabiting the deep sea may have evolved to produce 

proteins that allow them to survive these conditions. Investigation and characterisation of 

fungal lignocellulolytic enzymes from extreme environments like the deep sea is needed, 

as they may have unusual adaptations that would be useful in industry. This work, 

therefore, aimed to profile in detail the lignocellulolytic capabilities of fungi isolated from 

deep-sea sediments in the Atlantic Ocean, and a comparative lignocellulolytic terrestrial 

isolate. The isolates were strains of Emericellopsis maritima, Penicillium chrysogenum, 

P. antarcticum and Talaromyces stollii. Lignocellulolytic enzyme induction was achieved 

using liquid-state fermentation (LSF) with wheat bran as the main carbon source, while 

enzyme characteristics were evaluated using biochemical assays and gel-based 

proteomics. This study revealed that the isolates were halotolerant, produced xylanase 

over wide pH and temperature ranges, and produced a variety of glycoside hydrolase and 

feruloyl esterase activities. The T. stollii secretome demonstrated remarkable levels of 

exo-glycoside hydrolase activity, with xylanase activity optimum between pH 1.5–6.0 

and temperatures between 1–60 °C, making this isolate an ideal candidate for 

biotechnological applications. This study is the first to quantitatively characterise 

xylanase activities and exo-glycoside hydrolase activities secreted by E. maritima, P. 

antarcticum and a marine T. stollii strain. This study is also the first to quantitatively 

characterise xylanase activities by a marine strain of P. chrysogenum during LSF.
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3.1 Introduction 

In recent years, interest in the discovery and characterisation of novel bioactive 

compounds and enzymes from microorganisms inhabiting extreme environments has 

increased. Extreme environments such as the desert, the Antarctic and Arctic poles, and 

the deep sea have been explored to this end (Birolli et al. 2019). While bacteria and 

archaea from extreme environments have been investigated extensively, fungi are now 

gaining more attention, as they are increasingly recognised as being able to inhabit 

severely inhospitable conditions, showing resilience and adaptability that may surpass 

that of prokaryotes (Chávez et al. 2015; Marchese et al. 2021; Coleine et al. 2022). 

 

The deep sea is considered an extreme environment because temperatures go below 5 °C, 

the water column pressure is high (increase in 105 Pascal for every 10 m increase in 

depth) and the salinity is at 3.5%. Additionally, the availability of oxygen, nutrients and 

light is low. These conditions place extreme physiological pressure on microbial growth 

and metabolism.  

Due to the nature of these environments, it is likely that fungi inhabiting the deep sea 

have evolved to produce proteins that allow them to survive in these extreme conditions, 

thus having a biological advantage over terrestrial fungi (Nagano and Nagahama, 2012; 

Rédou et al. 2015; Batista-García et al. 2017). Furthermore, it has been shown that 

cultured isolates from the deep sea do not have any practical disadvantage to their 

terrestrial counterparts in terms of their ability to grow and be cultured (no special 

conditions are required), and, therefore, if the strains prove to be useful, for example, in 

industrial applications, there would be no practical issues when compared to terrestrial 

strains (Batista-García et al. 2017).  

Fungi from the deep sea have been found in many studies to produce novel bioactive 

compounds of medical interest such as polyketides (Hu et al. 2022), terpenoids (Cheng et 

al. 2020), alkaloids and steroids (Limbardi et al. 2018). Less attention, however, has been 

given to their ability to produce lignocellulose-degrading enzymes.  

Fungi are well established as excellent producers of lignocellulolytic enzymes (Andlar et 

al. 2018). The most abundant source of biomass on the planet is lignocellulose 
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(Abdeshahian et al. 2020), which is made up of cellulose, hemicellulose and lignin and 

forms a recalcitrant matrix (Howard et al. 2003; Smith, 2019). With the increase in 

demand for more efficient, powerful and diverse lignocellulose-degrading enzymes in 

industry, investigation and characterisation of fungal lignocellulolytic enzymes from 

extreme environments like the deep sea is needed, as they may prove to have unusual 

adaptations that would be useful in biotechnological applications (Batista-García et al. 

2017). For example, if the lignocellulose matrix could be degraded in a cost- and energy-

efficient and environmentally friendly manner, it would make it possible to use abundant 

lignocellulosic wastes as feedstocks for the production of biofuels like methane or ethanol 

on a far wider scale than they are at present (Saini et al. 2015; Dowd et al. 2022).  

Other applications for novel lignocellulolytic enzymes from the deep sea could be in the 

preparation of paper pulp, which is carried out under alkaline conditions. The ocean has 

an average pH of 8.1 and enzymes functioning in alkaline conditions from deep-sea fungi 

have been discovered and characterised (Raghukumar et al. 2004; Damare et al. 2006; 

National Oceanic and Atmospheric Administration, 2023). Lignocellulolytic and 

proteolytic enzymes from deep-sea fungi have also been reported with functionality at 

low temperatures (Damare et al. 2006; Batista-García et al. 2017), which could reduce 

the cost of heating during bioprocesses in the industry. However, it appears that we have 

just uncovered ‘the tip of the iceberg’, with relatively few studies of fungal deep-sea 

lignocellulolytic enzymes having been carried out to date. 

The five marine fungal isolates characterised in this study were isolated from sediments 

sampled from Porcupine Bank, at the edge of the West European Continental Shelf in the 

North Atlantic Ocean (Marchese et al. 2021), and were identified as strains of P. 

chrysogenum, E. maritima, T. stollii and P. antarcticum.  

Emericellopsis sp. from the marine environment is of interest in relation to biomass 

degradation because they have been shown using DNA sequencing methods to possess a 

large arsenal of CAZyme (carbohydrate-active enzyme)-encoding genes. For example, 

the genome of E. atlantica, which was recently sequenced, has been shown to possess a 

large repertoire of CAZymes (Hagestad et al. 2021). Emericellopsis sp. TS7 has also been 

shown using solid-state fermentation to produce xylanase and CMCase activities 

functional over wide temperature and pH ranges (Batista-García et al. 2017). However, 
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to date, no secretome from E. maritima has been quantitatively characterised for its 

xylanase and exo-glycoside hydrolase activities. 

P. chrysogenum is well established as being an efficient degrader of lignocellulosic 

biomass (Haas et al. 1992; Terrone et al. 2018; Yang et al. 2019; Ullah et al. 2019; 

Ruginescu et al. 2022). However, marine P. chrysogenum strains have not been well 

studied to date for this application. To the best of the authors’ knowledge, no secretome 

from a marine strain of P. chrysogenum has been quantitatively characterised for its 

xylanase activities during LSF. 

Research published relating to P. antarcticum has been limited in general and has focused 

previously on meroterpenoid discovery, molecules that have been shown to have 

anticancer activities (Leshchenko et al. 2022, 2023). To date, there has been no research 

carried out on the lignocellulolytic enzymes secreted by a strain of P. antarcticum, to the 

best of the authors’ knowledge. 

Strains of T. stollii are of interest in relation to biomass degradation. The recently 

sequenced genome of the terrestrial T. stollii strain CLY-6 is reported to encode a large 

repertoire of glycoside hydrolases, totalling 358 (Cheng et al. 2021). However, strains of 

T. stollii from extreme environments have not previously been studied, and these may 

have adaptations to their harsh environments that could benefit industrial processes, 

making it worthwhile to study such strains. 

This work, therefore, aims to profile in detail the lignocellulolytic capabilities of selected 

fungi from the deep sea, including xylanase, cellulase and phenol oxidase/peroxidase 

activities. Here, we report the induction and characterisation of an array of 

lignocellulolytic enzymes secreted by marine fungi isolated from deep-sea sediments in 

the Atlantic Ocean, and a comparative novel terrestrial P. chrysogenum isolate. 

Lignocellulolytic enzyme induction was achieved using liquid-state fermentation (LSF) 

on wheat bran (WB), a cheap agricultural by-product, while the profile of secreted 

lignocellulolytic enzymes was characterised using biochemical approaches and gel-based 

proteomics.  
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3.2 Materials and Methods 

3.2.1 Fungal Isolates Used 

Culturable fungal isolates were isolated and purified from deep-sea sediments 900–2000 

metres (m) in depth in the Atlantic Ocean off the northwest Irish coast, and the processes 

of sample collection, isolation and identification of the fungal isolates from deep-sea 

sediments were described in the Materials and Methods section from reference (Marchese 

et al 2021). The isolates used in this study from the deep sea were E. maritima strains 

SFI-F16 and SFI-D6 (GenBank accession codes MT535805 and MT535802), P. 

chrysogenum strain SFI-D13 (GenBank accession code MT535821), P. antarcticum 

strain SFI-F25 (GenBank accession code MT535816) and T. stollii strain SFI-F17 

(GenBank accession code MT535842). The comparative novel lignocellulolytic 

terrestrial isolate was an in-house isolate of P. chrysogenum denoted strain BBW2. 

3.2.2 Cultivation of Fungi and Supernatant Harvesting 

The isolates were cultivated as described in Waters et al. 2010, with modifications. The 

isolates were first grown and maintained on either Sabouraud Dextrose agar (Neogen, 

Lansing, MI, USA, product code NCM2012A) or Malt Extract agar (Neogen, Lansing, 

MI, USA, product #NCM0093A) supplemented with 3% (w/v) marine salts (Tetra). To 

initiate LSF, three 1 cm3 pieces of mycelia from each agar plate were used to inoculate 

250 mL Erlenmeyer flasks containing sterilised 100 mL of 0.5% (w/v) mycological 

peptone (Neogen, Lansing, MI, USA, product #NCM0258), 3% (w/v) marine salts and 

2% (w/v) glucose (GLC) (Sigma, St. Louis, MO, USA, product #G8270) in distilled water 

(dH2O). Cultures were grown for 48 h (h) in an Innova 44 Incubator Shaker (New 

Brunswick Scientific, Edison, NJ, USA) at 25 °C, with shaking at 180 RPM. One mL of 

each isolate culture was then transferred aseptically to duplicate flasks containing 

sterilised lignocellulolytic enzyme-inducing medium, which was the same as above but 

with 2% (w/v) WB (Odlums, Portlaoise, Ireland) as the inducer instead of GLC. The 

induction control flask for each isolate contained 2% (w/v) GLC instead of WB. LSF was 

carried out over 144 h at 25 °C, 180 RPM with samples being harvested at specific time 

points for further analysis. 
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Cell-free culture supernatants (crude secretomes) were obtained by centrifugation at 3000 

rpm for 2 h, at 4 °C in a Beckman Avanti centrifuge (Beckman Coulter, Brea, CA, USA) 

equipped with a JS5.3 rotor, to separate the solid (mycelia; cells) and liquid fraction of 

each sample. The liquid fraction from each sample was then transferred carefully to 500 

µL microcentrifuge tubes and stored at −80 °C until further analysis. The solid (mycelial) 

fractions were also stored at −80 °C. 

3.2.3 Xylanase Activity Measurements 

The xylanase activity measurements were carried out as described in Waters et al. 2010, 

with modifications. Isolate supernatants (time points taken during 144 h growth time) 

were tested for their hydrolytic activity against 1% (w/v) rye arabinoxylan (Megazyme, 

Wicklow, Ireland, product #P-RAXY) at pH 5 and 50 °C. Reducing sugars (RS) released 

in a 10-minute (min) reaction was measured using the dinitrosalicylic acid (DNS) method 

described in Miller, 1959. Activity at pH and temperature values between pH 1.5, 8.0, 

and 1 and 60 °C was also measured. The buffer used was 50 mM citric acid-phosphate; 

temperature range and growth time point measurements were assayed at pH 5.0. 

Absorbance values were read at 550 nm. Enzymatic activity was calculated by reference 

to a xylose standard curve and values were expressed as international units per millilitre 

of the enzyme (IU.mL−1; μmoles RS.min−1.mL−1). 

3.2.4 Qualitative Plate-Based Assays for Ligninolytic Enzyme Activity 

Polyphenol-Oxidase/Peroxidase-Like Activity 

The isolates were grown on Lignin-Modifying Enzyme Basal Media (LBM) and tested 

using the syringaldazine well test (Pointing, 1999). Briefly, for the syringaldazine well 

test, 0.1% syringaldazine in 95% ethanol was added to each duplicate 5 mm well in the 

agar to test for laccase activity. A second set of triplicate wells contained 0.1% 

syringaldazine in 95% ethanol and 0.5% (w/v) aqueous H2O2 to test for peroxidase 

activity. Ethanol (95% (v/v)) was added to a third set of wells to act as a control. The 

wells for peroxidase activity were only considered positive if there was no colour change 

in the laccase well or if the laccase well colour was much weaker. 
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The isolates were also grown on LBM with 20% (w/v) GLC and 1% (w/v) aqueous tannic 

acid (Pointing, 1999). This was used to test for general polyphenol oxidase activity, which 

would show a brown oxidation zone around fungal colonies. 

3.2.5 Exo-Glycoside Hydrolase and Feruloyl Esterase Activity Measurements 

The exo-glycoside hydrolase and feruloyl esterase activity measurements were carried 

out as described in Waters et al. 2010, with modifications. Exo-glycoside hydrolase 

activity measurements were carried out using 4-nitrophenyl (NP)-glycoside substrates, 

while feruloyl esterase activity was assayed with 4-NP-trans ferulate (Carbosynth, 

Compton, Berkshire, UK). The detection of hydrolytic activity was based on the release 

of 4-nitrophenol from the 4-NP substrate. Activity was calculated by reference to a 0.2 

mM 4-nitrophenol standard and was expressed in IU.mL−1 (μmoles 4-NP 

released.min−1.mL−1). The substrates used were 4-NP-α-L-arabinofuranoside, 4-NP-β-D-

cellobioside, 4-NP-α-L-fucopyranoside, 4-NP-β-D-galactopyranoside, 4-NP-β-D-

glucopyranoside, 4-NP-β-D-lactopyranoside, 4-NP-β-D-mannopyranoside, 4-NP-α-L-

rhamnopyranoside, 4-NP-β-D-xylopyranoside and 4-NP-trans-ferulate. The activities 

assayed were α-L-arabinofuranosidase, β-xylosidase, cellobiohydrolase (with 4-NP-β-

cellobioside and 4-NP-β-lactopyranoside as substrates), β-glucosidase, β-galactosidase, 

α-rhamnosidase, β-mannosidase, α-fucosidase and feruloyl esterase. 

Exo-glycosidase assays were carried out as follows: 10 µL of suitably diluted sample 

supernatant was added to a 96-well microplate in triplicate. The plate was covered and 

incubated at 50 °C   for 2 min before the addition of 100 µL of 1 mM 4-NP-glycoside, in 

50 mM citric acid phosphate buffer, pH 5.0, to test and substrate blank (no enzyme) wells. 

The reaction mixture was incubated at 50 °C for 10 min. Then, 100 μL of 1 M Na2CO3 

was added to stop the reaction and develop the colour of enzymatically released 4-NP at 

alkaline pH. This assay produced a strong yellow colour when there was enzymatic 

activity; absorbance was read at 410 nm using a microspectrophotometer (BioTek 

PowerWave XS2, Winooski, VE, USA). There were two modifications to this protocol 

in relation to two assays: (a) to measure cellobiohydrolase activity and inhibit β-D-

glucosidase activity, glucono-1,4-δ-lactone (Sigma, St. Louis, MO, USA, #G4750) was 

added to assays with 4-NP-cellobioside and 4-NP-lactoside substrates 2 min before 

assaying for activity, and (b) as 1 M Na2CO3 (and NaOH) resulted in saponification 
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(hydrolysis) of the ester link in the 4-NP-trans-ferulate substrate, 1 M Tris-HCl, pH 8.5 

was used to as the stopping reagent instead. Activity was quantified by reference to a 0.0–

0.2 mM 4-nitrophenol standard curve and the values were converted to IU.mL−1 of 

enzyme activity. 

3.2.6 Electrophoresis and Zymography 

Semi-denaturing SDS-PAGE was carried out using 8% and 10% polyacrylamide gels 

with 0.1% (w/v) Birchwood xylan (Sigma, St. Louis, MO, USA) to test for proteins with 

xylanolytic activity. The protocol used was a modification of methods from (McCarthy 

and Tuohy, 2011; Batista-García et al. 2017; Pan et al. 2017). Next, 5 to 20 µg of protein 

(not boiled and no addition of 2-mercaptoethanol) were added to each well of the gel. 

PageRuler ladders (Thermo Fisher Scientific, Waltham, MA, USA, product codes 

11802134, 11852124 and 11892124) were used as molecular weight markers. A 

commercial Bioglucanase™ enzyme cocktail (Kerry Group, Tralee, Ireland) with 

xylanolytic activity was used as the positive control. The negative control contained a 

running buffer only. The gel contained no sodium dodecyl sulphate (SDS), but the 

running buffer and tank buffer contained 0.05% SDS. The gel was run at 200 Volts (V) 

for approx. 30 min. 

After electrophoresis, the gel was washed twice for 15 min with 50 mM sodium citrate 

buffer, pH 5.0, containing 2.5% (v/v) Triton-X-100 or Tween-20 to remove the SDS from 

the gel (Triton-X-100 was used for P. antarcticum zymograms; Tween-20 was used in all 

other zymogram renaturation procedures). Both are mild non-ionic detergents that carry 

out the function of removing SDS from proteins and have been used for this purpose in 

zymography in the work of others (Grudkowska et al. 2013; Batista-García et al. 2017; 

Pan et al. 2017). The gel was then washed twice more for 15 min (per wash) in 50 mM 

sodium citrate buffer, pH 5.0, to renature the proteins. The gel was then incubated at 50 

°C for one hour to allow the reaction to occur. Following this incubation period, the gel 

was stained with 0.1% (w/v) Congo Red (Sigma) solution containing 5% (v/v) ethanol for 

15 min. The gel was then washed multiple times with 1 M NaCl until clear hydrolysis 

zones appeared as bands on the gel against a red background. In some cases, the gel was 

immersed in 1 M HCl for improved contrast of the bands against the background. Gels 
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were illuminated on a visible light box and images were captured using a 25 MP camera 

(Tristar Electronics, Yeongtong-gu, Suwon, South Korea). 

Zymography to test for β-D-xylosidase-active proteins was carried out by running the 

semi-denaturing SDS-PAGE same as above, without the addition of xylan to the gel. The 

same washing/renaturing method detailed above was used, along with the same controls. 

The quantity of protein loaded per well was 40 µg. After electrophoresis, the gels were 

washed with 50 mM sodium citrate buffer with and without Triton-X-100 or Tween-20 

same as described above. The gels were then incubated at 4 °C with 1 mM 4-

methylumbelliferyl-β-xylopyranoside (4MUX) (Carbosynth, Compton, Berkshire, UK) 

in 50 mM sodium citrate buffer, pH 5.0, for 30 min. The gels were then incubated at 50 

°C for a further 30 min. Gel images were captured at UV302 using the Azure c300 gel 

imaging system. 

A replica gel was run, in parallel with gels stained for β-xylosidase-active proteins and 

stained for protein using the Pierce Silver Stain Kit (Thermo Scientific, Waltham, MA, 

USA, product no. 24612). Gels were imaged using the Azure c300 gel imaging system 

and used to estimate the size of enzyme-active protein bands. 

3.2.7 Statistics  

Statistical analysis of the data was carried out using the arithmetic mean, standard 

deviation, Student’s t-test and one-way ANOVA. Analysis was carried out using 

Microsoft Excel 2016 (Microsoft, Washington, DC, USA). 

 

3.3 Results and Discussion 

3.3.1 Xylanase Induction by WB during LSF, and the Qualitative Assessment of Lignin-

Degrading Activities  

Xylanases play a key role in the degradation of hemicellulose in plant cell walls (Minic 

et al. 2006). Therefore, the isolates in this study were grown on WB during LSF as an 

inducer of xylanolytic enzyme secretion. WB has been shown in many studies to be a 

suitable inducer of xylanase production by fungi (Olfa et al. 2007; Gaffney et al. 2009; 

Waters et al. 2010b; Kumar et al. 2018; Barbieri et al. 2022). During LSF, enzyme 
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synthesis is repressed and de-repressed/induced by the presence or absence of certain 

repressors (Schuster, 1961). In the case of xylanase, the repression and de-

repression/induction may occur in response to glucose, xylose and xylan levels in the 

culture medium (Purkarthofer et al. 1993, Mach-Aigner et al. 2010; Daly et al. 2019). In 

addition, secreted enzymes can undergo hydrolysis or degradation during the 

fermentation process (Khanahmadi et al. 2018). Therefore, the xylanase activities 

recorded in the secretome may peak and drop over time.  

Xylanase activity against rye arabinoxylan was assessed over a 144 h growth period for 

each isolate in this study in order to establish the effect of time on xylanase production 

during the LSF process. Each isolate was also grown on GLC as the carbon source, as a 

basal carbon source and as induction control. Production of activity on GLC would 

provide evidence for constitutive activity (and/or derepression of activity later in the 

growth period when GLC was depleted in the medium). 

From Figure 3.1A and B, it is clear that WB induced xylanase production by both strains 

of E. maritima. The highest xylanase activity was recorded at 108 h for SFI-F16 and at 

96 h for SFI-D6, with 45 ± 2.34 IU.mL−1 and 51 ± 0.37 IU.mL−1 of xylanase activity 

detected in the respective cell-free culture supernatants. These activities were 10.7- and 

10.9-fold higher than xylanase present in the secretomes produced on the GLC control 

for each isolate, respectively. Not only were the peak activities similar between isolates 

(p > 0.05), but the pattern of xylanase activity over time between the two isolates was 

also similar. Firstly, there was a sharp increase in activity from the 48 h time point until 

the activity had its first peak at 84 h or 96 h, depending on the strain, followed by a drop 

in activity 12 h later and the production of a second peak in activity at 108 h or 120 h. 

The final peak was broad and relatively stable until 132 h but decreased noticeably by the 

144 h time point. 

To the authors’ best knowledge, this is the first time quantitative analysis of xylanase 

activity has been reported by the E. maritima species. To date, only two studies have 

reported quantitative values for xylanase activity produced by Emericellopsis sp. isolates 

in general. Emericellopsis sp. MM FP1.2, isolated from a saline lake in Romania, was 

reported to produce 5.2 IU.mL−1 xylanase activity after 5 days LSF on xylan-containing 

medium (Ruginescu et al. 2022). Marine Emericellopsis sp. TS11 produced 26.63 
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IU.mg−1 protein when tested against oat xylan after LSF for 9 days on xylan-containing 

medium (Batista-García et al. 2017). This is in comparison to the 7.3 IU.mg−1 and 50.5 

IU.mg−1 protein produced by E. maritima SFI-F16 and SFI-D6 in this study. The xylanase 

activity reported by MM FP1.2 was not directly comparable to the activities reported in 

this study, due to differences in experimental conditions reported. 

In relation to the P. chrysogenum isolates, it was evident that WB markedly induced 

xylanase production by both the marine (Figure 3.1C) and terrestrial isolates (Figure 

3.1D). The peak of activity was recorded for both at the 84 h time point and the respective 

levels were 152 ± 3.11 and 181 ± 4.73 IU.mL−1. This represented a 54- and 79-fold 

increase in xylanase activity when compared to the activity produced in the GLC control 

flask for each isolate. In fact, of all six fungal isolates, the two P. chrysogenum isolates 

yielded the highest level of xylanase (against rye arabinoxylan) (Figure 3.1 g), with 

BBW2 producing significantly higher peak xylanase activity (p < 0.05) than SFI-D13. 

The two P. chrysogenum isolates shared a distinct pattern of xylanase activity over the 

144 h time period. There was a sharp increase in activity at the 72 h time point observed 

for both isolates, with peak activity occurring at the 84 h time point. Activity decreased 

sharply at the 96 h time point, with activity remaining low but stable for the remaining 

time (a slight increase was noted at 120 h, in both culture secretomes). 

Xylanase production by P. antarcticum SFI-F25 was also induced by WB, albeit at 

significantly lower levels (p < 0.05) than for the E. maritima and P. chrysogenum isolates 

(Figure 3.1E and G). A total of three peaks of xylanase activity were observed in the P. 

antarcticum WB time course growth profile, with the highest activity detected at the 96 

h time point (20.5 ± 2.68 IU.mL−1), which was 8.2-fold higher than levels in the GLC 

control. The first peak (shoulder of activity) occurred at 48 h, with a second broader and 

higher peak from 84–108 h (highest at 96 h) and the third peak at 132 h, after a sharp drop 

in activity between 108 and 120 h. The third peak was similar in amplitude (p > 0.05) to 

the highest activity peak (18.12 ± 0.99 IU.mL−1). Interestingly, the pattern of activity 

produced bore no resemblance to the P. chrysogenum isolates’ activity patterns. 

To the authors’ best knowledge, prior to this study, no quantitative data on xylanase 

activity from P. antarcticum has been published. However, there have been numerous 

studies reporting the xylanase activities of Penicillium isolates after LSF on different 
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substrates. A study of the terrestrial P. chrysogenum PCL501 reported a xylanase 

production pattern over time during LSF on a WB-containing medium similar to both P. 

chrysogenum isolates in this study. However, the peak activity of 6.47 IU.mL−1 at the 96 

h time point was lower than for the Penicillium isolates reported here (Okafor et al. 2007). 

A study on a terrestrial P. sclerotiorum strain showed this species produced a peak (13.82 

IU.mL−1) of xylanase activity (against Birchwood xylan) after 84 h during LSF on a 

xylan-containing medium, while terrestrial Penicillium sp. SS1 yielded peak xylanase 

activity (43.84 IU.mL−1) after 96 h LSF in a WB-containing medium (Bajaj et al. 2011). 

Overall, peak xylanase production by both of the Penicillium isolates in these latter 

studies occurred around the 84–96 h growth time point, similar to the P. chrysogenum 

isolates from this study.  

To the best of the authors’ knowledge, this study is the first to quantitatively characterise 

the xylanase activity (IU.mL−1) secreted by a marine P. chrysogenum during LSF (Hou 

et al 2006). Prior to this study, only marine P. chrysogenum FS010 had been studied for 

its xylanase activity. The study recorded xylanase activity produced by P. chrysogenum 

FS010 by measuring the diameters of hydrolytic halos on minimum medium agar with 

0.5% (w/v) xylan. The xylanase enzyme was also overexpressed in E. coli BL21, with 

specific xylanase activity measured at 10,210 U.mg−1 against Birchwood xylan.  

T. stollii SFI-F17 also produced xylanase at significantly lower peak levels than E. 

maritima and P. chrysogenum isolates (p < 0.05), but at similar peak levels as P. 

antarcticum SFI-F25 (p > 0.05). An initial peak of xylanase was produced at 48 h (5.8 

IU.ml−1) on WB, followed by a drop in activity levels by 72 h. Xylanase production 

increased from 84 h onwards reaching a maximum at 132 h (13.2 ± 0.88 IU.mL−1). When 

grown on GLC, growing peaks in xylanase activity were also observed over time. This 

suggested that T. stollii SFI-F17 produced xylanase constitutively, and also suggested 

derepression of xylanase production, as higher activity was produced after 72 h when 

GLC levels are likely to be depleted in the medium. Overall, it was concluded that WB 

improved xylanase production by T. stollii SFI-F17, by making levels more consistent 

over time in contrast to growth on GLC. 
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Figure 3.1: Effect of time point on (A) E. maritima SFI-F16; (B) E. maritima SFI-D6; (C) P. chrysogenum 

SFI-D13; (D) P. chrysogenum BBW2; (E) P. antarcticum SFI-F25; and (F) T. stollii SFI-F17 xylanase 

volumetric activity (IU.mL−1) against rye arabinoxylan at 50 °C and pH 5. (G) Comparison of the effect of 

time on xylanase volumetric activities (IU.mL−1) between isolates on WB against rye arabinoxylan at 50 

°C and pH 5. EM_SFI16 = E. maritima SFI-F16; E. maritima SFI-D6 = EM_SFID6; P. chrysogenum SFI-

D13—PC_SFID13; P. chrysogenum BBW2 = PC_BBW2; P. antarcticum SFI-F25 = PA_SFIF25; T. stollii 

SFI-F17 = TS_SFIF17. Samples tested were harvested during LSF on WB and GLC substrates at 25 °C   

and 180 RPM. Error bars represent standard deviation of measurements from duplicate flasks. 
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To the best of the authors’ knowledge, this study is the first to characterise xylanase 

activity by a marine isolate of T. stollii. Many studies have been conducted on the 

xylanase activity of Talaromyces sp. isolates. A terrestrial T. amestolkiae was recently 

reported to produce 13.02 IU.mL−1 xylanase activity against larchwood xylan after a 168 

h LSF on a WB-containing medium (Barbieri et al. 2022). This was similar to the activity 

produced by the T. stollii isolate in this study after 132 h of LSF. A study of terrestrial T. 

stollii LV186 showed that 5 days of LSF on a GLC and corn stover-containing medium 

yielded xylanase activity of approx. 7.5 IU.mL−1, with this activity remaining stable for 

the remaining ten days of the experiment (Orencio-Trejo et al. 2016). The increase in 

activity and stability from day 5 onwards in the aforementioned study was similar to the 

activity pattern observed in this study. 

In general, it was challenging to directly compare activity values between studies due to 

methodology variations. However, in the aforementioned studies on Talaromyces sp. 

xylanase activity, the production patterns were similar between all, even though the 

culture conditions varied. Therefore, xylanase activity profiles over time during LSF on 

WB-containing medium may be quite predictable, even with variations in culture 

conditions, for some closely related strains of the Talaromyces sp. 

To screen for lignin-degrading activities, all isolates were tested qualitatively using a 

plate-based assay for polyphenol oxidase/peroxidase-like activities. However, none of the 

isolates showed this type of activity.  

Some Emericellopsis sp. have been shown to produce polyphenol oxidase activity, while 

others have been shown to not produce this type of activity. E. maritima CBS 491.71, as 

well as five other Emericellopsis isolates, were shown to not possess polyphenol oxidase 

activity, while the remaining nine Emericellopsis isolates studied had polyphenol oxidase 

activity (Zuccaro et al. 2004). 

There were reports of peroxidase/polyphenol oxidase activities by some P. chrysogenum 

isolates, while no peroxidase/polyphenol oxidase activities were reported for others 

(Petruccioli et al. 1993; Hao et al. 2018). To the authors’ best knowledge, there have been 

no reports on these activities from P. antarcticum. T. stollii was previously reported to 

produce laccase activity (Hao et al. 2018), while no other polyphenol oxidase/peroxidase 
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activities have so far been recorded for this species. Overall, it is suggested that 

polyphenol oxidase/peroxidase activities as reported across these studies are highly 

strain-specific, rather than species-specific.  

3.3.2. Exo-Acting Glycoside Hydrolase and Feruloyl Esterase Induction by WB during 

LSF  

After LSF on WB and GLC, the isolate supernatant samples were screened quantitatively 

for a variety of exo-acting glycoside hydrolase activities and feruloyl esterase. 

Specifically, production of α-L-arabinofuranosidase, β-D-xylosidase, β-D-glucosidase, 

cellobiohydrolase (against β-D-cellobioside and β-D-lactoside), β-D-mannosidase, α-L-

fucosidase, α-L-rhamnosidase and β-D-galactosidase activities were investigated. These 

enzymes are important in the degradation of lignocellulosic biomass, and fungi producing 

these in abundance may be useful for bioconversion of biomass prior to biofuel 

production. Figure 3.2 demonstrates the relative levels of these enzymes produced by 

each isolate during LSF on WB and GLC for 144 h.  

Figure 3.2A and B shows that both E. maritima strains secreted all of the tested enzymes. 

It was evident that WB induced greater levels of the enzymes assessed compared to GLC, 

except for β-D-galactosidase and β-D-mannosidase, where there was no notable 

difference between WB and GLC secretomes. For E. maritima SFI-F16, β-D-glucosidase 

activity increased until 120 h and then decreased slightly at the 132 h and 144 h time 

points. For E. maritima SFI-D6, β-D-glucosidase activity continuously increased over the 

time period assessed. SFI-D6 produced similar peak β-D-glucosidase activities (1.33 ± 

0.05 IU.mL−1) to SFI-F16 (1.24 ± 0.12 IU.mL−1) (p < 0.05). The β-D-cellobiosidase 

activity detected in the SFI-F16 secretome was observed from 48 h onwards, with the 

peak activity occurring at 72 h, and less of this enzyme was produced from 84–144 h. For 

SFI-D6, β-D-cellobiosidase activity was first detected at 36 h, while from 72–144 h there 

was a relatively stable amount of this activity produced. Interestingly, at the peak 

production point for both isolates, SFI-F16 produced significantly (4.8 fold) more β-D-

cellobiosidase than SFI-D6, with SFI-F16 producing 0.56 ± 0.05 IU.mL−1 and SFI-D6 

producing 0.12 ± 0.01 IU.mL−1 (p < 0.05). 
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Figure 3.2: Relative levels of exo-acting glycoside hydrolases and feruloyl esterase (IU.mL−1) produced 

by (A) E. maritima SFI-F16; (B) E. maritima SFI-D6; (C) P. chrysogenum SFI-D13; (D) P. chrysogenum 

BBW2; (E) P. antarcticum SFI-F25; and (F) T. stollii SFI-F17. (G) shows the time points with the highest 

cumulative exo-enzyme production for each isolate at the same scale. Activities shown are for α-L-

arabinofuranosidase (a-araf), β-D-xylosidase (b-xyl), β-D-glucosidase (b-glc), cellobiohydrolase (against 

β-D-cellobioside (cellobiosidase) and β-D-lactoside (lactopyranosidase)), β-D-mannosidase (b-mann), α-

L-fucosidase (a-fuc), α-L-rhamnosidase (a-rham), β-D-galactosidase (b-gal) and the carbohydrate esterase 

feruloyl esterase. WB and GLC denote WB-containing duplicate flasks (mean value) and the GLC-

containing flask at each time point.  
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SFI-F16 also produced significantly (3.7-fold) more α-L-arabinofuranosidase than SFI-

D6, with SFI-F16 producing 1.4 ± 0.08 IU.mL−1 and SFI-D6 producing 0.38 ± 0.07 

IU.mL−1 at their respective optimum activity time points (p < 0.05). The most significant 

difference was noted for the β-D-lactopyranoside activities, with SFI-F16 producing 

significantly (11.2 fold) more of this activity (0.2 ± 0.03 IU.mL−1) than SFI-D6 (0.03 ± 

0.01 IU.mL-1) (p < 0.05). Activity against this substrate can represent cellobiohydrolase 

type 1 activity (GH7) and/or endoglucanase activity. 

Feruloyl esterase was produced by SFI-F16 only at the 120 h and 132 h time points, with 

the highest activity being produced at 132 h. In contrast, SFI-D6 produced feruloyl 

esterase activity mostly at the 36 h time point, while also producing it at the later (132 h 

and 144 h) time points. The remaining exo-acting glycoside hydrolase activities were 

produced by both isolates in very low amounts when compared to the abovementioned 

activities. Overall, SFI-F16 produced significantly more (p < 0.05) β-D-cellobiosidase 

than the other isolates assessed in this study, except for T. stollii SFI-F17 (p > 0.05), and 

significantly more α-L-arabinofuranosidase than all other isolates assessed (p < 0.05). 

Genomic and metabolomic studies of two marine strains, E. cladophorae MUM 19.33 

and E. cladophorae TS7, showed evidence for the presence of diverse glycoside 

hydrolases as well as carbohydrate esterase-encoding genes (Hagestad et al. 2021; 

Zuccaro et al. 2004), while Emericellopsis sp. TS11 demonstrated xylanase and CMCase 

activities (Batista-García et al. 2017). To the best of the authors’ knowledge, this is the 

first time exo-glycoside hydrolase and feruloyl esterase activities have been reported in 

E. maritima. 

In Figure 3.2C and D, it was observed that both P. chrysogenum strains assessed secreted 

all of the tested accessory enzyme activities. It was evident that WB induced much greater 

production of the enzymes assessed when compared to GLC, with the exception of β-D-

mannosidase, feruloyl esterase and α-L-fucosidase, where there was no significant 

difference in activity between WB and GLC cultures. In both P. chrysogenum isolates, 

the highest exo-acting glycoside hydrolase activity levels were recorded for β-D-

glucosidase, β-D-galactosidase and β-D-xylosidase. 
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For SFI-D13, β-D-glucosidase activity increased up to the 144 h time point, where it 

reached 1.54 ± 0.1 IU.mL−1. For BBW2, the β-D-glucosidase activity was similar (p > 

0.05) to that of SFI-D13 and increased until the 132 h time point, where it reached 2.2 ± 

0.01 IU.mL−1, then decreased by the 144 h time point. The β-D-galactosidase activity for 

both isolates increased until the 132 h time point, where SFI-D13 produced significantly 

more (1.9 fold) activity (0.83 ± 0.04 IU.mL−1) than BBW2 (0.43 ± 0.01 IU.mL−1)(p < 

0.05), with activity decreasing by the 144 h time point. For the β-D-xylosidase, the 

activity of SFI-D13 and BBW2 increased until the 132 h and 120 h time points, reaching 

similar peak activities of 0.28 ± 0.02 IU.mL−1 and 0.26 ± 0.005 IU.mL−1, respectively (p 

> 0.05). Both isolates also produce relatively stable α-L-arabinofuranosidase activities 

after 48 h, with both isolates’ activities peaking at 0.23 ± 0.02 IU.mL−1. 

The largest difference between the two isolates is between β-D-cellobiosidase activities, 

which have the highest activities of 0.03 ± 0.01 IU.mL−1 and 0.12 ± 0.01 IU.mL−1 for SFI-

D13 and strain BBW2, respectively. This represents a significant (four-fold) difference 

in this activity between the isolates (p < 0.05). The other exo-acting glycoside hydrolase 

activities assessed were all present in secretomes from both P. chrysogenum isolates, but 

in much smaller amounts than the activities detailed above. Overall, both P. chrysogenum 

exo-acting glycoside hydrolase profiles are remarkably similar. BBW2 also produced the 

most α-L-rhamnosidase activity out of all isolates studied (p < 0.05).  

In Figure 3.2E, the exo-acting glycoside hydrolase and feruloyl esterase activities 

secreted by P. antarcticum SFI-F25 are presented. All enzyme activities assessed were 

induced by WB, except for α-L-rhamnosidase and feruloyl esterase activities, where there 

was no significant difference in activity noted between WB and GLC secretomes. 

In contrast to the other isolates, the main activity produced by this isolate between 48–

144 h was β-D-xylosidase, with the highest activity of 0.44 ± 0.01 IU.mL−1 at 144 h. This 

was followed by α-L-arabinofuranosidase, β-D-glucosidase and β-D-galactosidase, 

which also peaked at the 144 h time point with activity levels of 0.21 ± 0.001 IU.mL−1, 

0.18 ± 0.001 IU.mL−1 and 0.13 ± 0.005 IU.mL−1, respectively. Notably, there was a large 

induction of β-D-mannosidase at 132 h of 0.33 IU.mL−1, making this isolate the best 

producer of β-D-mannosidase activity when compared to all of the other isolates 

investigated in this study (p < 0.05). However, under the assay conditions used, it has the 
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lowest combined exo-glycosidic activity (maximum combined total of 1 IU.mL−1) when 

compared to the other isolates. To the best of the authors’ knowledge, this is the first time 

that exo-glycoside hydrolase and feruloyl esterase activities have been reported in P. 

antarcticum. 

T. stollii SFI-F17 secreted all of the tested enzyme activities (Figure 3.2F). WB induced 

greater production of all of the enzymes assessed when compared to GLC. The highest 

exo-acting glycoside hydrolase activities for this isolate were recorded for β-D-

galactosidase, β-D-glucosidase, β-D-xylosidase, α-L-arabinofuranosidase and β-D-

lactopyranosidase. The average activities for these enzymes at their peak production time 

points on WB were 2.3 ± 0.09 IU.mL−1, 2.3 ± 0.23 IU.mL−1, 1.38 ± 0.08 IU.mL−1, 0.76 ± 

0.05 IU.mL−1 and 0.63 ± 0.07 IU.mL−1, respectively. β-D-Cellobiosidase activity was 

reported as 0.26 ± 0.02 IU.mL−1. 

Compared to all other isolates in this study, T. stollii SFI-F17 produced the most exo-

acting glycoside hydrolase activities over the assessed time period on WB, with a 

combined total of 8.02 IU.mL−1 at the peak-production time point, across the exo-

glycoside hydrolase and feruloyl esterase activities investigated and under the assay 

conditions used. E. maritima SFI-F16 and SFI-D6 produced combined totals of 3.58 

IU.mL−1 and 1.99 IU.mL−1, while P. chrysogenum SFI-D13 and BBW2 produced 

combined totals of 3.07 IU.mL−1 and 3.38 IU.mL−1. For individual activities, T. stollii 

produced the most β-D-galactosidase, β-D-xylosidase and β-D-lactopyranosidase 

activities when compared to the other isolates studied (p < 0.05). 

To the best of the authors’ knowledge, this study is the first to characterise 

lignocellulolytic activities in a marine isolate of T. stollii. In terms of T. stollii in general, 

this study is the first to report α-L-arabinofuranosidase, β-D-galactosidase, β-D-

lactosidase, α-L-fucosidase, β-D-mannosidase and feruloyl esterase activities. 

In another study, T. stollii LV186 was shown to produce β-D-xylosidase and β-D-

glucosidase activities of approx. 2.5 IU.mL−1 and 0.13 IU.mL−1 after 5 days of LSF on 

GLC and corn stover, respectively (Orencio-Trejo et al. 2016). A further study observed 

both α-L-rhamnosidase and β-D-glucosidase activity production by T. stollii CLY-6 

(Cheng et al. 2021, 2022). The closely related T. amestolkiae had β-D-glucosidase activity 
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of 1.9 IU.mL−1 under similar LSF conditions as were used in this study (de Eugenio et al. 

2017). A remarkably similar activity for cellobiosidase was also reported for T. 

amestolkiae at approx. 0.3 IU.mL−1 after 5 days of LSF on xylan-containing medium, as 

well as a lower β-D-glucosidase value of approx. 1 IU.mL−1 (Gil, 2015). Furthermore, a 

substantially lower level of β-D-xylosidase activity of 0.8 IU.mL−1 was reported for T. 

amestolkiae (Nieto-Domínguez et al. 2015). 

Overall, T. stollii SFI-F17 produced the largest amount of exo-glycoside hydrolase 

activities when compared to the Penicillium sp. and E. maritima isolates studied. This 

finding was supported by the fact that the sequenced genome of terrestrial T. stollii CLY-

6 was reported to encode 358 glycoside hydrolases (Cheng et al. 2021), while P. rubens 

(also known as P. chrysogenum) was reported to encode 222 CAZymes (CAZy database). 

However, Emericellopsis sp. TS7 was reported to encode 396 CAZymes (Hagestad et al. 

2021). 

Furthermore, a terrestrial strain of T. stollii was shown to produce crude enzymes that 

degraded over 30% of cellulose to glucose in sorghum and corn stover agri-wastes, while 

the commercial cocktail Celluclast, containing enzymes from the industrial workhorse 

Trichoderma reesei degraded less than 20% of cellulose to glucose on the same agri-

wastes (Orencio-Trejo et al. 2016). Therefore, it is possible that enzyme cocktails from 

strains of T. stollii, such as those reported in this study and in Orencio-Trejo et al. 2016, 

could eventually be adapted for commercial use. 

3.3.3. Effect of Temperature and pH on Xylanase Activity in the Fungal Secretomes 

Fungal xylanases usually have a pH optima of between 4 and 6 (dos Reis et al. 2014; 

Batista-García et al. 2017; Yang et al. 2019; Barbieri et al. 2022; Subramaniyan et al. 

2022). Therefore, the measurement of temperature optima for each isolate was carried out 

at pH 5. The profile of secreted xylanase activity for each isolate at temperatures between 

1–60 °C is represented in Supplementary Figure 3.1. 

E. maritima isolate xylanase activities showed very different responses over the 

temperature range assessed when compared with each other. Xylanase from E. maritima 

SFI-F16 showed 87.6% and 90.7% of its maximum activity at 30 °C and 40 °C, and 55.9% 

at 60 °C, with optimal activity at 50 °C (Supplementary Figure 3.1A). The xylanase 
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activity at 30 °C, 40 °C and 50 °C were not significantly different (p > 0.05), indicating 

the stability of the xylanase activity in this temperature range. 

E. maritima SFI-D6, on the other hand, exhibited 34.3% of its optimal xylanase activity 

at 20 °C, 68.7% at 30 °C and 32.4% at 50 °C, with its optimal xylanase activity at 40 °C 

(Supplementary Figure 3.1B), which indicated a narrower range of near-optimal xylanase 

activity for xylanase from E. maritima SFI-D6 than SFI-F16. While there was no 

significant difference in activity at 30 °C and 40 °C (p > 0.05), there was a significant 

difference in activity between 40 °C and 50 °C (p < 0.05). Marine Emericellopsis sp. 

strain TS11 also produced xylanase with optimum activity at 50 °C, similar to E. maritima 

strain SFI-F16 in this study (Batista-García et al. 2017). 

Marine P. chrysogenum SFI-D13 showed relative xylanase activities of 12.2% and 31.6% 

at 1 °C and 10 °C (Supplementary Figure 3.1C), while terrestrial BBW2 had xylanase 

activity, relative to the optimum, of 7.9% and 19.9% at 1 °C and 10 °C (Supplementary 

Figure 3.1D), with optimum xylanase activity recorded at 40 °C for both isolates. While 

the P. chrysogenum isolates had similar relative activities at 20 °C and 30 °C (p > 0.05), 

SFI-D13 retained 80.2% of its optimum xylanase activity at 50 °C, while BBW2 only 

retained 31.4% of its optimum at this temperature. Overall, the marine P. chrysogenum 

had xylanase activity that did not vary significantly between 1–10 °C, 10–20 °C and 40–

50 °C (p > 0.05), while it varied significantly at each temperature tested for the terrestrial 

isolate (p < 0.05). Temperature optima for other P. chrysogenum and Penicillium sp. 

isolates have also been reported at 40 °C (Haas et al. 1992; Sunkar et al. 2020). 

The P. antarcticum isolate xylanase retained activity relative to the optimum of at least 

25.7% at all temperatures assessed (Supplementary Figure 3.1E), while the T. stollii 

isolate xylanase retained a relative activity of at least 35.6% at all temperatures 

(Supplementary Figure 3.1F). For both isolates, there was no statistically significant 

difference in xylanase activity between 1–10 °C, 1–20 °C, 10–20 °C, 20–30 °C and 50–

60 °C (p > 0.05). A similarly wide xylanase activity range between temperatures of 30–

80 °C was reported for T. amestolkiae (Barbieri et al. 2022). 

For all isolates, except for E. maritima SFI-F16, which had a temperature optimum for 

xylanase activity of 50 °C, the temperature optimum for secreted xylanase was 40 °C. 
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Additionally, all isolates produced cold-active xylanases that had at least some activity at 

each of the temperatures tested, indicating a wide range of temperature functionality 

amongst the isolates. The terrestrial P. chrysogenum BBW2 crude xylanase activity 

appeared to have the poorest versatility over the assessed temperature range, with 

significant differences in activity between temperatures (p < 0.05), while xylanase 

activities produced by P. antarcticum SFI-F25, T. stollii SFI-F17 and E. maritima SFI-

F16 appeared to be the most versatile, with their xylanase activities not varying 

significantly over a wide temperature range. 

The pH optimum for each isolate xylanase activity was determined over a pH range of 

3.0–8.0 (Supplementary Figure 3.2), while the activity for T. stollii was also determined 

at pH 1.5, 2.0 and 3.5 due to its acidophilic nature (Supplementary Figure 3.2F). The pH 

measurements were carried out at 50 °C, as the optimal temperature for fungal xylanases, 

apart from enzymes from thermotolerant and thermophilic species, is usually between 

40–60 °C (Kulkarni et al. 1999). 

The pH optimum for xylanase activity from E. maritima SFI-F16 (Supplementary Figure 

3.2A) was pH 6.0. Crude xylanase from this source retained 55% of its optimum xylanase 

activity at pH 5.0, 66% at pH 7.0 and 31.2% at pH 8.0, showing a wide pH range of 

functionality for the xylanases from this isolate. However, this isolate did not produce 

any xylanase active at pH 3.0, and only 5% of the optimum activity was present at pH 

4.0.  

In relation to xylanase activity from E. maritima SFI-D6 (Supplementary Figure 3.2B), 

the pH optimum for xylanase activity was pH 5.0. Unlike E. maritima SFI-F16, xylanase 

activity from this isolate did not have high activity relative to the optimum across the pH 

range assessed, and the differences in activities between the optimum and all other pH 

values assayed varied significantly (p < 0.05). The crude xylanase displayed 36.2% and 

36.6% of its optimum xylanase activity at pH 6.0 and 7.0, while xylanase activity was not 

detected at pH 3.0, 4.0 and 8.0, respectively. 

In a different study, crude xylanase from Emericellopsis sp. was found to have a profile 

of activity over a range of pH values similar to that of E. maritima SFI-F16 reported in 

this study. This isolate also had a xylanase activity pH optimum of pH 6.0, while retaining 
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activity between pH 4.0 and 10.0. This could potentially reflect an adaptation by these 

fungal isolates to the pH range present in their natural environment, the Atlantic Ocean, 

the waters of which are currently pH 8.1 (National Oceanic and Atmospheric 

Administration, 2023; Bates et al. 2012).  

The two P. chrysogenum isolates studied had quite different xylanase activity profiles 

over the pH range assessed, similar to the two E. maritima isolates. P. chrysogenum SFI-

D13 (Supplementary Figure 3.2C) showed a versatile xylanase activity profile, with 

activity between pH 4.0 and 7.0. The optimum xylanase activity was observed at pH 5.0. 

The relative xylanase activities at pH 4.0, 6.0, and 7.0 were 80.5%, 95.2% and 36.5% of 

the optimum, with activity at pH 3.0 and 8.0 being 8.4% and 5.3% of the optimum. The 

activities at pH 5.0 and 6.0 did not vary significantly (p > 0.05), demonstrating xylanase 

activity stability at these pH values. 

P. chrysogenum BBW2 was less versatile than SFI-D13. The optimum pH for xylanase 

activity was at pH 6.0. The activities recorded at pH 4.0, 5.0 and 7.0 were 31%, 42.2% 

and 39% of the optimum, respectively. Furthermore, the xylanase activities recorded at 

pH 3.0 and 8.0 were 9.8% and 3.6% of the optimum. The xylanase activity varied 

significantly between each pH value measured (p < 0.05), indicating that the xylanase 

activity in this case was unstable except at pH 6.0. In other studies, the pH optima for 

crude xylanases from P. chrysogenum were reported to be pH 5.0 and 6.0 (Haas et al. 

1992; Yang et al. 2019; Ullah et al. 2019). 

P. antarcticum SFI-F25 (Supplementary Figure 3.2E) produced xylanase that had optimal 

activity at pH 5.0. It also had activity that was functional between pH 3.0 and 7.0, but not 

at pH 8.0. Xylanase activity at pH 3.0, 4.0, 6.0 and 7.0 were 28.6%, 30.7%, 49.8% and 

31.8% of the optimum activity. Activities at pH 4.0 and 6.0 also varied significantly from 

that at pH 5.0 (p < 0.05), indicating that the xylanase activity produced by SFI-F25 

became relatively unstable when not at the optimum pH. 

T. stollii SFI-F17 (Supplementary Figure 3.2F) produced acidophilic xylanase activity, 

which functioned optimally at pH 3.5 and retained 6.8%, 56.4%, 61.6%, 88.8%, 49.9%, 

13.2%, 6.6% and 2.4% of its optimal activity at pH 1.5, 2.0, 3.0, 4.0, 5.0, 6.0, 7.0 and 8.0. 
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Between pH 2.0–3.0 and 3.0–4.0, there was no significant difference in activity (p > 0.05), 

indicating xylanase activity was stable at these pH values. 

A similar xylanase activity profile from pH 3.0–8.0 was reported for T. amestolkiae, 

which had a pH optimum of 4.0 and activity gradually decreased to its lowest activity at 

pH 8.0 (Barbieri et al. 2022). A different study of T. amestolkiae showed maximal activity 

for its xylanase at pH 3.0 that gradually decreased as pH increased, similar to observations 

for the T. stollii crude xylanase activity reported in this study (Nieto-Domínguez et al. 

2015). Acidophilic xylanases may be useful in the production of bioethanol (Arif et al. 

2018), for example as part of a combined pre-treatment strategy by pre-treating 

lignocellulosic biomass with acidophilic xylanases at an acidic pH. 

3.3.4 Electrophoretic Separation of Proteins in the Crude Secretomes and Zymogram 

Analysis 

Electrophoretic separation of proteins in the crude fungal secretomes, under mildly 

denaturing conditions, was combined with zymograms analysis to investigate the 

presence and number of enzyme-active bands, to determine the approx. molecular 

weights of the xylan-degrading enzymes in each WB secretome and to analyse the 

changes in the xylan-degrading proteins over time. The exo-xylan degrading activity (β-

D-xylosidase) was analysed using the fluorescent 4MUX substrate, while xylanase active 

proteins (endo-β-1,4-D-xylanase) were determined using an in-gel xylan substrate 

method. Proteins present in the crude 48 h, 96 h and 144 h secretomes were analysed, to 

represent early, mid and late secretion profiles. Two samples were analysed for each time 

point, representing each of the duplicate lignocellulolytic-inducing cultures. Specifically 

in relation to the β-D-xylosidase activity gels for the E. maritima isolates, it was difficult 

to determine the molecular weight of these activity bands when compared to the silver-

stained gels, because of the large number of protein bands with similar molecular weights 

present on the corresponding silver-stained gels (Figure 3.3A and C). Therefore, the 

molecular weights of the activity bands from the E. maritima β-D-xylosidase gels have 

been given as rough estimates.  

The xylan-degrading enzyme secretome profiles of E. maritima SFI-F16 and SFI-D6 

when grown on WB during LSF are presented in Figure 3.3. When the zymogram testing 

for β-D-xylosidase activity from SFI-F16 was carried out, three activity bands were 
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observed at approx. 35, 50 and 65 kDa at the 48 h time point when enzyme active bands 

were compared with the silver-stained protein gel (Figure 3.3A and B, lanes 1 and 2). At 

the 96 h and 144 h time points, a band was observed at approx. 160 kDa when compared 

to the silver-stained gel (Figure 3.3A and B, lanes 3–6). These results showed that the 

isolate produced four β-D-xylosidase activity bands. This isolate, therefore, may have 

favoured the secretion of smaller β-D-xylosidases at the 48 h time point during the LSF 

on WB, while a larger one may have been secreted at the later time points. However, it 

has been shown that β-D-xylosidases can have more than one subunit that can exist and 

function in equilibrium between monomeric and oligomeric forms in solution (Corradini 

et al. 2021). So, it may instead be the case that multiple subunits of the same β-D-

xylosidase complex are being visualised on the gel.  

When zymograms testing for β-D-xylanase activities by SFI-F16 were carried out, twelve 

xylanase isoforms were observed at approx. 16, 19, 25, 31, 35, 41, 46, 50, 55, 96, 117 and 

160 kDa. At the 48 h time point, all bands except for the 31 kDa band were observed. At 

the 96 h and 144 h time points, all bands except for the 50 kDa band were observed 

(Figure 3.3E–G). Overall, at least twelve xylan-degrading protein isoforms could be 

observed in these zymograms of approx. sizes 16, 19, 25, 31, 35, 41, 46, 50, 55, 96, 117 

and 160 kDa at the 48, 96 and 144 h time points (Figure 3.3E–G), with a potential 

thirteenth band of approx. 65 kDa present on the β-D-xylosidase gel (Figure 3.3A and B). 

Furthermore, twelve bands were observed to have β-D-xylanase activity (Figure 3.3E–

G), while four bands were observed to have β-D-xylosidase activity (Figure 3.3B). 

E. maritima SFI-D6’s xylan-degrading enzyme secretome profile when grown on WB 

during LSF is represented in Figure 3.3. In the zymogram testing for β-D-xylosidase 

activity, in the 48 h time point lanes, four active bands were visible at approx. 35, 46, 55 

and 70 kDa when compared to the silver-stained gel (Figure 3.3C and D, lanes 1 and 2). 

In the lanes containing the protein samples from the 96 h and 144 h time points, these 

bands were also present, along with three other bands of approx. sizes 65, 160 and >250 

kDa when compared to the silver-stained gel (Figure 3.3C and D, lanes 3–6). The bands 

of approx. 35, 46, 55, 65 and 70 kDa were the most concentrated in the 96 h time-point 

sample lanes, when compared to the 48 h and 144 h time-point lanes, while the activity 

bands of approx. 160 and >250 kDa were the most concentrated in the 144 h time-point 
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lanes (Figure 3.3C and D, lanes 1–6). This zymogram, therefore, showed that during LSF 

on WB, this fungal isolate produced seven β-D-xylosidase activity bands. It either 

favoured the secretion of lower molecular weight β-D-xylosidases at the 48 h and 96 h 

time points and the production of larger β-D-xylosidase proteins at the 144 h time point, 

or it may instead be the case that multiple subunits of the same β-D-xylosidase complex 

are being visualised on the gel, as mentioned previously.  

When testing for β-D-xylanase activity, ten activity bands at approx. 16, 19, 25, 31, 46, 

55, 96, 117, 160 and >250 kDa were visible. All bands except for those of approx. sizes 

19, 31, 46 and 55 kDa were visible in all lanes, and therefore were produced at all of the 

three time points analysed (Figure 3.3 h, lanes 1–6). The 19, 31, 46 and 55 kDa bands 

were visible only in the 96 h and 144 h time-point lanes (Figure 3.3 h, lanes 3–6). All 

bands visible in the gel increased in intensity over time, and therefore it was concluded 

that the concentration of the xylanolytic proteins being produced by the isolate increased 

over time. 

Overall, it appeared that at least ten xylan-degrading proteins were secreted by E. 

maritima SFI-D6 at the 48 h, 96 h and 144 h time points. They were approx. 16, 19, 25, 

31, 46, 55, 96, 117, 160 and >250 kDa in size (Figure 3.3 h). There were three bands of 

approx. sizes 35, 65 and 70 kDa present on the β-D-xylosidase gel, which, if confirmed 

to be independent of those present on the β-D-xylanase gel, would bring the total of xylan-

active protein bands to thirteen (Figure 3.3C and D). Overall, it was observed that ten 

bands had β-D-xylanase activity (Figure 3.3 h), and seven bands had β-D-xylosidase 

activity (Figure 3.3C and D). 

Both E. maritima isolates characterised in this study produced xylan-degrading proteins 

of approx. 16, 19, 25, 31, 35, 46, 55, 65, 96, 117 and 160 kDa (Figure 3.3). To date, 

studies with Emericellopsis sp. have focused on the production of novel antimicrobial and 

cytotoxic compounds (Arif et al. 2016; Corradini et al. 2021; Kuvarina et al. 2021; 

Kuvarine et al. 2023). 
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Figure 3.3: Electrophoretic and zymogram analysis of secretome profiles of E. maritima SFI-F16 (A, B, 

E–G) and SFI-D6 (C, D, H), when grown on WB during LSF, is represented in this figure. (A) and (C) are 

8% silver stained gels of the isolate secretomes of strains SFI-F16 (A) and SFI-D6 (C) at the sampled time 

points (1 and 2 = 48 h; 3 and 4 = 96 h; 5 and 6 = 144 h; M = molecular weight marker), each with 10 µg of 

protein loaded/well; (B) and (D) are 8% zymograms of isolate SFI-F16 (B) and SFI-D6 (D) supernatants 

incubated with the fluorescent 4MUX substrate and 40 µg of protein/well (1 and 2 = 48 h; 3 and 4 = 96 h; 

5 and 6 = 144 h; M = molecular weight marker); (E) is an 8% zymogram of strain SFI-F16 with in-gel 

xylan substrate and 20 µg of protein loaded/well (1 and 2 = 48 h; 3 and 4 = 96 h; 5 and 6 = 144 h; M = 

molecular weight marker); (F) is an 8% zymogram of strain SFI-F16 with in-gel xylan substrate (10 µg of 

protein loaded/well), and band enhancement with 1 M HCl (1 and 2 = 48 h; 3 and 4 = 96 h; 5 and 6 = 144 

h; M = molecular weight marker); (G) is an 8% zymogram of strain SFI-F16 with in-gel xylan substrate (5 

µg of protein loaded/well), and band enhancement with 1 M HCl (1 and 2 = 48 h; 3 and 4 = 96 h; 5 and 6 

= 144 h; M = molecular weight marker). (H) is an 8% zymogram of strain SFI-D6 with in-gel xylan 

substrate (10 µg of protein loaded/well), and band enhancement with 1 M HCl (1 and 2 = 48 h; 3 and 4 = 

96 h; 5 and 6 = 144 h; M = molecular weight marker). Yellow arrows signify β-D-xylosidase activity bands. 

Red arrows signify endo-β-D-xylanase activity bands. The approx. locations of the activity bands are also 

shown in each respective silver-stained gel (A, C).  

Relatively little research has been carried out to describe the biomass-degrading activities 

of Emericellopsis sp. A previous study of the secretome of a marine Emericellopsis sp. 

TS11 showed xylanase-active bands of approx. 10 and 100 kDa via zymogram analysis 

when grown on wheat straw and corn stover (Batista-García et al. 2017), while other 

studies have determined that Emericellopsis sp. produce extracellular xylan- or biomass-

degrading enzymes using media-based qualitative techniques and genomic and 

metabolomic techniques (Hagestad et al. 2021; Zuccaro et al. 2004; Gonçalves et al. 2021; 

Gomoiu et al. 2022). The novel marine strain E. cladophorae TS7 had its full genome 

sequenced, and this showed that it encoded genes for fourteen β-D-xylosidases from the 

GH43 family, two xylanases from the GH11 and four xylanases from the GH10 families 

(Hagestad et al. 2021), while the genome sequence of E. cladorphorae showed that some 
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of the most abundant GH family-encoding genes were for β-D-xylosidases (Gonçalves et 

al. 2022). 

Overall, the strains of E. maritima produced at least twelve (SFI-F16) or ten (SFI-D6) 

xylan-degrading proteins each active against Birchwood xylan or 4MUX (Figure 3.3). 

Similar numbers of xylanolytic enzyme isoforms were reportedly produced for P. 

oxalicum GZ-2 (14 isoforms), T. emersonii CBS814.70 (14 isoforms) and Aspergillus 

fumigatus SK1 (10 isoforms), respectively (Tuohy et al. 1994; Liao et al. 2012; Ang et al. 

2013). Other xylanolytic fungi have been shown to produce far fewer xylan-degrading 

isoforms using zymogram identification (Bachmann and McCarthy 1991; Sachslehner et 

al. 1998; Badhan et al. 2004; Chipeto et al. 2005; Joshi et al. 2012; Lin et al. 2015; Miao 

et al. 2015). 

In order to effectively degrade the heteropolymeric D-xylan in nature, xylanases with 

similar but different substrate specificities are required (Hong et al. 2014; Álvarez-

Cervantes et al. 2016). Therefore, the E. maritima strains investigated in this study may 

be considered valuable sources of xylanolytic enzymes due to the amount of xylan-

degrading isoforms produced over a wide size range. In particular, the number of β-D-

xylosidases produced by Emericellopsis sp. was relatively large in comparison to other 

fungi (Knob et al. 2010), including all of the other isolates characterised in this paper. 

P. chrysogenum SFI-D13’s xylan-degrading secretome profile when grown on WB 

during LSF is represented in Figure 3.4A–C. When testing for β-D-xylosidase activity, 

one band of approx. 130 kDa was observed. It was clear that the concentration of this 

protein increased over time as the intensity of the band increased, with the most β-D-

xylosidase being produced at the 144 h time point when compared to the silver-stained 

gel (Figure 3.4A, B). When testing for β-D-xylanase activity, four bands of approx. 35, 

45, 60 and 64 kDa were observed. There was also a zone of clearance >70 kDa (Figure 

3.4C, lanes 1–12). The 35 kDa band was present across all three time points, while the 

bands of size 45, 60 and 64 kDa were visible at the 96 h and 144 h time points only. The 

bands of size 45 and 60 kDa also showed a spread-out clearance zone, with the intensity 

of the clearance being largest at the 96 h time point (Figure 3.4C, lanes 9–12). This 

showed that the production of β-D-xylanase was most concentrated at the 96 h time point. 

Overall, five active xylanolytic enzymes appeared to be secreted by this isolate, with 
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activity against xylan and 4MUX over the time points analysed, with β-D-xylanase being 

secreted the most at 96 h, and β-D-xylosidase at 144 h time point.  

P. chrysogenum BBW2’s xylan-degrading secretome profile when grown on WB during 

LSF is represented in Figure 3.4D–F. When testing for β-D-xylosidase activity, two bands 

of approx. 130 and ≥250 kDa were present when compared to the silver-stained gel 

(Figure 3.4D and E). When testing for β-D-xylanase activity, three bands of approx. sizes 

35, 45 and 60 kDa were observed. There was also a zone of clearance visible >70 kDa. 

For this isolate, both the β-D-xylanase and β-D-xylosidase activities were the strongest at 

the 96 h and 144 h time points, with the least activity being observed at the 48 h time 

point (Figure 3.4D–F). 

P. antarcticum SFI-F25’s xylan-degrading enzyme secretome profile when grown on WB 

during LSF is represented in Figure 3.4G–I. When testing for β-D-xylosidase activity, a 

band of approx. 130 kDa was observed at the 144 h time point, when compared to the 

silver-stained gel (Figure 3.4G, H). This showed that this isolate favoured the secretion 

of β-D-xylosidase later at the 144 h time point during LSF on WB. When testing for β-

D-xylanase, a band of approx. 45 kDa was observed. The band intensity appeared similar 

across all time points measured, indicating that the concentration of this enzyme secreted 

remained stable throughout the LSF. There was also a zone of clearance present >130 

kDa, indicating β-D-xylanase activity in a protein of higher relative molecular size 

(Figure 3.4I). 

In relation to β-D-xylosidase activity (Figure 3.4B, E and H), all three of the Penicillium 

isolates possessed an activity band at approx. 130 kDa when compared to their respective 

silver-stained gels. In addition to this, SFI-D13 produced a further β-D-xylosidase band 

≥250 kDa. When comparing β-D-xylanase activity, all three isolates produced an activity 

band of approx. 45 kDa. In addition, P. chrysogenum SFI-D13 and BBW2 both produced 

activity bands at approx. 35 and 60 kDa, which were not produced by the P. antarcticum 

isolate. Only P. chrysogenum SFI-D13 produced an activity band at approx. 64 kDa. 
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Figure 3.4: Xylanase secretome profiles of P. chrysogenum SFI-D13 (A–C), BBW2 (D–F) and P. 

antarcticum SFI-F25 (G–I) when grown on WB during LSF are presented in this figure. (A,D,G) are 10% 

((A) and (D)) or 8% (G) silver-stained gels of the isolate secretomes at the sampled time points (1 and 2 = 

48 h; 3 and 4 = 96 h; 5 and 6 = 144 h; 8 = control (only in (A)); M = molecular weight ladder), each with 

10 µg of protein loaded/well; (B,E,H) are 10% ((B) and (E)) or 8% (G) zymograms incubated with the 

fluorescent 4MUX substrate and 40 µg of protein loaded per lane (1 and 2 = 48 h; 3 and 4 = 96 h; 5 and 6 

= 144 h); (C,F,I) are 10% ((C) and (F)) or 8% (I) zymograms with in-gel xylan substrate (20 µg of protein 

loaded/well), before (right) and after (left) band enhancement with 1 M HCl (1 and 2/7 and 8 = 48 h; 3 and 

4/ 9 and 10 = 96 h; 5 and 6/11 and 12 = 144 h). Yellow arrows signify β-D-xylosidase active bands. Red 

arrows signify β-D-xylanase active bands. 

P. chrysogenum has previously been reported to produce between one and three endo-β-

D-xylanases when grown on inducing substrates, and up to three exo-β-D-xylosidases, 

similar to the three Penicillium isolates reported in this study (Mamo et al. 2009; Knob et 

al. 2010; dos Reis et al. 2014; Terrone et al. 2018; Yang et al. 2018, 2019). Research 

published relating to P. antarcticum, however, has been limited (Leschenko et al. 2022, 

2023). To the best of the authors’ knowledge, the β-D-xylanase proteins from P. 

antarcticum have not been studied previously, so, therefore, an intra-isolate comparison 

for this isolate was not possible. 

T. stollii SFI-F17’s xylan-degrading secretome profile when grown on WB during LSF is 

represented in Figure 3.5. When testing for β-D-xylosidase activity, three activity bands 
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were present over the three time points when compared to the silver-stained gel, with the 

concentration of each band increasing from 48 h to 144 h. The bands were approx. 80, 

130 and 250 kDa (Figure 3.5A and B). Notably, much less protein (10 µg/well) was 

required for band visibility on the β-D-xylosidase activity gel than was required for all of 

the other isolates studied in this paper, which supported the fact that the T. stollii isolate 

showed much greater levels of β-D-xylosidase activity against the 4-NP-β-D-

xylopyranoside substrate (see Section 3.2). 

When testing for β-D-xylanase activity, four bands of approx. 17, 23, 29 and 50 kDa were 

observed across the three time points. All four bands were observed at the 96 h and 144 

h time points, with the 96 h time point showing the most intensely active bands, 

suggesting the most active β-D-xylanase enzymes were produced at this time point. At 

the 48 h time point, the 17 and 29 kDa bands were observed, but not the 23 or 50 kDa 

bands. Overall, this isolate appeared to produce four β-D-xylanase bands and three β-D-

xylosidase bands. 

To date, few studies have described any enzymatic activities or specifically the production 

of cellulases and/or hemicellulases by T. stollii. T. stollii LV186 was isolated from corn 

stover treated with acid (Orencio-Trejo et al. 2016) and was shown to produce xylanase, 

β-D-xylosidase, β-D-glucosidase and glucanase activity. Studies of T. emersonii reported 

β-D xylanases of 17.5, 30.1, 35.7, 36.6, 45, 47.9, 48.6, 52.8, 54, 54.3, 58.5, 59 and 131 

kDa and a β-D-xylosidase of 181 kDa (Tuohy et al. 1994; Tuohy et al. 2011). T. 

thermophilus was reported to produce a β-D-xylanase of 25 kDa (Orencio-Trejo et al. 

2016) and a β-D-xylosidase of 97 kDa (Guerfali et al. 2008), while a β-D-xylosidase of 

200 kDa and a β-D- of 19.8 kDa was reportedly produced by T. amestolkiae (Nieto-

Domínguez et al. 2015; Ullah et al. 2019). 

Further characterization of the xylanolytic enzymes produced by T. stollii SFI-F17 would 

be beneficial to more clearly define its xylanase secretion profile, such as, for example, 

by de novo sequencing of the isolate’s secretome, or purification of specific enzymes 

using chromatographic methods like those reported in Tuohy et al. (1994) and Nieto-

Domínguez et al. (2015). 
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Figure 3.5: Xylanase secretome profile of T. stollii SFI-F17 when grown on WB during LSF is represented 

in this figure. (A) is an 8% silver stained gel of the isolate secretome at the sampled time points (1 and 2 = 

48 h; 3 and 4 = 96 h; 5 and 6 = 144 h; 7 = control; M = molecular weight ladder); (B) is an 8% zymogram 

incubated with the fluorescent 4-MUX substrate and 10 µg of protein loaded per lane (1 and 2 = 48 h; 3 

and 4 = 96 h; 5 and 6 = 144 h); (C) is a 10% silver stained gel of the isolate secretome at the sampled time 

points (1 and 2 = 48 h; 3 and 4 = 96 h; 5 and 6 = 144 h; M = molecular weight ladder); and (D) is a 10% 

gel zymogram with in-gel xylan substrate (10 µg of protein loaded/well) after band enhancement with 1 M 

HCl (1 and 2 = 48 h; 3 and 4 = 96 h; 5 and 6 = 144 h). Yellow arrows signify β-D-xylosidase active bands. 

Red arrows signify β-D-xylanase active bands.  

It is important to note that three of the limitations of these experiments were (a) the fact 

that a high concentration of protein was needed for the β-D-xylosidase activity zymogram 

and, therefore, it is possible that not all β-D-xylosidase-active proteins may have been 

detected if they were in low concentrations; (b) the fact that the sizes of the proteins are 

approximations, so the proteins may, in reality, be slightly different sizes than what was 

reported here; and (c) there may be more than one xylanolytic enzyme of the same size 

produced by the same isolate. These enzymes would not be separated using this gel format 

(2D-PAGE would be required) (Roy et al. 2013). To know the exact sizes and specificities 

of xylanolytic enzymes produced by these two isolates, 2D-PAGE or de novo sequencing 

of their secretomes would be the next logical step (Peterson et al. 2011; Sethupathy et al. 

2021). 
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3.4 Conclusions 

In this study, five deep-sea fungi and one terrestrial fungus were analysed in detail for 

their lignocellulolytic capabilities. This study is the first to quantitatively characterise 

xylanase activities and exo-glycoside hydrolase activities secreted by E. maritima, P. 

antarcticum and a marine T. stollii strain. This study is also the first to quantitatively 

characterise xylanase activities by a marine strain of P. chrysogenum during LSF. 

The secretomes of E. maritima SFI-F16 and SFI-D6, P. chrysogenum SFI-D13 and 

BBW2, P. antarcticum SFI-F25 and T. stollii SFI-F17 had xylanase volumetric activities 

of 49, 51, 152, 181, 20 and 13.2 IU.mL−1. The xylanases functioned over a range of pH 

and temperatures, the most notable being those secreted by E. maritima SFI-F16 

(alkalitolerant) and T. stollii SFI-F17 (acidophilic). The least versatile xylanase secretome 

in terms of temperature and pH was the terrestrial P. chrysogenum BBW2. Improved 

xylanase flexibility of P. chrysogenum was demonstrated in response to environmental 

stressors (pH and temperature variations) when produced by the marine strain compared 

to the terrestrial strain, making the xylanases produced by the marine strain more robust 

and potentially more suitable for biomass degradation purposes in industry. All isolates 

studied produced cold-active xylanases. 

The isolates produced at least twelve, ten, five, five, three and seven bands exhibiting 

xylanase activity when zymogram analysis was carried out to test for exo- and endo-

acting xylanase activities. The greatest number of xylanase active protein bands was 

produced by the E. maritima SFI-F16 and SFI-D6. Notably, strain SFI-D6 produced 

seven exo-acting β-D-xylosidase activity bands, far more than all of the other isolates in 

this study. The E. maritima strains produced a number of xylanase and β-xylosidase 

isomers comparable to those produced by P. oxalicum and T. emersonii, both of which 

are commercially used to produce lignocellulolytic enzyme cocktails. 

The deep-sea E. maritima isolates produced a large number of xylanase and exo-glycoside 

hydrolase activities and produced more β-D-glucosidase, α-L-arabinofuranosidase and β-

D-cellobiosidase activity than any other exo-activity. 

The P. chrysogenum strains produced more β-D-glucosidase, β-D-galactosidase and β-D-

xylosidase than any other exo-activity. 
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The P. antarcticum strain produced more β-D-xylosidase than any other exo-activity, 

with a relatively large β-D-mannosidase activity also being produced at 132 h. 

T. stollii produced far higher combined levels of exo-acting glycoside hydrolase activities 

than all of the other isolates in this study, with a combined total of 8.02 IU.mL−1 at the 

peak-production time point. E. maritima SFI-F16 and SFI-D6 produced combined totals 

of 3.58 IU.mL−1 and 1.99 IU.mL−1, while P. chrysogenum SFI-D13 and BBW2 produced 

combined totals of 3.07 IU.mL−1 and 3.38 IU.mL−1. 

Exo-glycoside hydrolase levels produced by natural strains of filamentous fungi under 

unoptimised conditions are typically low, and in many cases lower than levels produced 

by T. stollii and reported in this study. Although the levels of these activities may seem 

to be low, their combined effect in synergistic interaction could greatly enhance 

lignocellulose bioconversion. T. stollii SFI-F17 may therefore be an excellent candidate 

for industrial uses, such as lignocellulose waste hydrolysis prior to biofuel production. 
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potential of cattle paunch contents during anaerobic digestion 

through pre-treatment with the secretome of deep-sea 

Talaromyces stollii and rumen fluid 
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Graphical Abstract 

 

Abstract  

Cattle paunch contents, the partially digested, recalcitrant solids removed from the rumen 

after slaughter, are a problematic slaughterhouse waste product. They are an underutilised 

source of low-value sustainable energy in the form of lignocellulose. To reduce their 
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recalcitrance and increase sustainable energy recovery, this study employed biological 

pre-treatment strategies using the novel deep-sea 

cellulolytic/hemicellulolytic Talaromyces stollii SFI-F17 fungal secretome and/or rumen 

fluid on three lots of paunch contents. The T. stollii SFI-F17 secretome was chosen for 

the pre-treatment after preliminary screening experiments with all fungi tested in Chapter 

3 showed that it was the most capable of saccharifying paunch contents. Rumen fluid 

treatment reduced the lignin content in each lot by 9.11%, 17.86% and 14.28%. The BMP 

of the two-step-treated paunch contents increased by 104.68%, 104.84% and 83.24%. 

When pre-treated with just the T. stollii SFI-F17 secretome, the BMP increased by 

44.58%, 74.47% and 101.35%. This study reports for the first time the screening of six 

novel fungal secretomes (see Chapter 3) for their ability to saccharify cattle paunch 

contents, and the biological pre-treatment of paunch contents outside the rumen, and 

reports a better average BMP increase during batch AD than those reported from other 

paunch contents pre-treatments. 

4.1 Introduction  

To combat climate change and its effects on the planet, a reduction of our dependence on 

fossil fuels such as coal and natural gas, and an increase in our use of renewable energy, 

such as hydropower, wind power, solar power and bioenergy is necessary (Abbasi et al. 

2024). Only 14.6% of the world's primary energy consumption was supplied by 

renewable sources in 2023, while fossil fuel consumption, as a percentage of primary 

energy, was 81.5% (Energy Institute, 2024). Lignocellulose is an abundant source of 

sustainable energy that could be used to replace fossil fuels and include waste by-products 

such as those from the forestry (Karimipour-Fard et al. 2024), agricultural (Kumar et al. 

2023), and paper and pulp industries (Haile et al. 2021). Cattle paunch contents, the 

lignocellulose-rich, recalcitrant, partially digested solids emptied from the rumen after 

slaughter, is one such abundant, low-value agri-waste that is usually spread on land as a 

fertiliser (the liquid fraction of the paunch is referred to as rumen fluid and is treated 

separately from the paunch solids in this paper). In Europe, 70% of the pastureland is 

composed of Lolium perenne and L. multiflorum, therefore making up most of the cattle 

paunch contents (Fowler et al. 2003; Dowd et al. 2022). While landspreading paunch 

contents is one of the Best Available Techniques for its treatment (BAT Guidance Note 
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on Best Available Techniques for the Slaughtering Sector, 2008; Directive 2010/75/EU, 

2010), utilising paunch contents for biofuel production would provide a sustainable 

source of energy for slaughterhouses, who could use the biomethane produced to power 

themselves (Dowd et al. 2022). This would contribute to United Nations (UN) Sustainable 

Development Goals 12 (Responsible Consumption and Production) and 13 (Climate 

Action) by promoting a circular economy and reducing greenhouse gas emissions 

(GHGs) within the slaughterhouse industry (UN General Assembly resolution 70/1, 

United Nations, 2015). Furthermore, in the European Union (EU), it would help to 

achieve the aim of reducing GHGs by 55% by 2030 when compared to 1990 levels, as 

outlined in the EU Climate Target Plan 2030 (European Union, 2020). 

 

Various strategies have been employed to use this energy from paunch contents. Bridle, 

(2011; 2012) investigated co-combustion of paunch contents with sawdust and later with 

DAF sludge. These studies determined that a moisture content of >30% resulted in 

inefficient combustion of paunch contents, while Spence, (2017) deemed that combustion 

was most energy efficient at 35% moisture content. Therefore, to be useful as a biofuel 

for combustion, a pre-treatment to lower the 80–86% moisture content of dewatered 

paunch contents would be necessary (Dowd et al. 2022). Solar drying was considered the 

best solution to lower the moisture content, as it is efficient and low-cost (Spence, 2017; 

Spence et al. 2022). The same pre-treatment strategy for moisture content reduction 

would be necessary to have a positive net energy output from pyrolysis of paunch contents 

(Bridle, 2011; Marzbali et al. 2021a, 2021b). However, in countries with cold and wet 

climates, solar drying would not be a viable option. For example, Ireland's average annual 

temperature is 9.8 °C, with an annual rainfall of 1288 mm (Curley et al. 2023). This is 

compared to Australia, where the paunch contents combustion experiments of Bridle, 

(2011; 2012), Spence, (2017), and Spence et al. (2022) were carried out, which had a 

mean temperature in 2022 of 21.96 °C, and a mean rainfall in 2023 of 473.7 mm, 

respectively (Statista Research Department, 2024). Hydrothermal carbonisation (HTC) of 

paunch contents was also carried out to produce hydrochar (which can be used as solid 

fuel) and/or bio-oil (Saverettiar et al. 2020; Marzbali et al. 2020; Marzbali et al. 2021a, 

Marzbali et al. 2021b; Marzbali et al. 2022). However, while this process was shown to 

be efficient, the process of HTC itself may not be considered commercially attractive at 

present, due to its relatively low technology readiness level (TRL) of 6–7, when compared 
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to anaerobic digestion (AD), which has a TRL of nine (Marzbali et al. 2020; Marzbali et 

al. 2021a, Marzbali et al. 2021b; Marzbali et al. 2022). There are also a very limited 

number of full-scale HTC plants worldwide (24 in total), and the HTC process produces 

a high chemical oxygen demand (COD) aqueous by-product, which would need to be 

further treated to reduce to COD (Romano et al. 2023; Farru et al. 2024). 

 

AD has been the most used method to-date to produce biofuel from paunch contents, 

involving either (a) single substrate digestion of paunch contents, (b) co-digestion of 

paunch contents with other wastes, or (c) thermal and/or alkaline pre-treatment of paunch 

contents prior to AD. Biomethane production values between 213 and 323 L CH4/kg VS 

added were reported in the literature from single-substrate-AD of paunch contents (Dowd 

et al. 2022). However, co-digestion of paunch contents with other wastes has been shown 

to be more economically feasible than single-substrate digestion, and improves their 

biodegradability, a key barrier to the widespread use of AD for paunch contents. For 

example, Buendía et al. (2009) reported that the co-digestion of paunch contents with 

activated sludge waste increased the BMP of paunch contents four-fold, while improving 

the biodegradability by ≤49%. Jensen, (2013) and Browne et al. (2013) also showed that 

co-digesting paunch contents with other slaughterhouse wastes caused positive synergy 

in increasing the biomethane yield. However, while co-digestion improves their BMP 

likely due to a more balanced C:N ratio in the digester (Browne et al. 2013), there is still 

unutilised energy trapped within the lignocellulose matrix of the paunch contents. To 

access this energy and to reduce the hydraulic retention time (HRT) to make the process 

of AD more economical, a pre-treatment strategy of the paunch contents is required 

(Dowd et al. 2022). To-date, only three studies have previously carried out the pre-

treatment of paunch contents prior to AD. Nkemka et al. (2015) reported the thermal and 

alkaline pre-treatment of paunch contents prior to AD in a continuous stirred tank reactor 

(CSTR) and batch BMP tests, with 6% NaOH added/g VS and incubation at either 22 °C 

for 3 days, 70 °C for 24 h or 100 °C for 24 h. There was no significant difference in the 

overall BMP between the treated samples and untreated controls. However, the pre-

treatment did increase the rate of biomethane production, which would allow for a 

reduction in the HRT in practice. Bai et al. (2023) reported the alkaline pre-treatment of 

cattle paunch contents with NaOH or KOH at varying concentrations for 24 h at 20 °C. 

In this study, the BMP of pre-treated cattle paunch contents was increased by a maximum 
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of 56.5% compared to the control. More recently, Bai et al. (2025) carried out alkaline 

pre-treatment on paunch contents using 12% KOH for 24 h at 22 °C, resulting in 20–

108% BMP improvement using BMP batch tests, while up to a 150% improvement in 

biomethane production was recorded when using a 5 L CSTR. 

 

However, when compared to physicochemical pre-treatments, like those carried out on 

paunch contents previously (Nkemka et al. 2015; Bai et al. 2023, Bai et al. 2025), 

biological pre-treatments have many advantages. For example, biological treatments 

typically require less energy input, uncomplicated operating conditions and equipment, 

do not involve the use of harsh or environmentally harmful chemicals, and are thus more 

environmentally benign when compared to physicochemical treatments. Furthermore, 

biological pre-treatments are targeted, producing proteins specific to the lignocellulosic 

bonds in the substrate being treated e.g. xylanases and cellulases (Sun and Cheng, 2002; 

Hosseini Koupaie et al. 2019; Xing et al. 2020). Therefore, the focus of this paper is on 

the development of a novel biological, environmentally benign pre-treatment for cattle 

paunch contents prior to AD. The biological pre-treatment strategies employed in this 

study used the cellulolytic/hemicellulolytic deep-sea T. stollii SFI-F17 fungal secretome 

and/or rumen fluid on three compositionally different lots of cattle paunch contents. 

Initially, preliminary screening experiments, where all of the lignocellulolytic fungi 

studied in Chapter 3 were applied to saccharify paunch contents, showed that T. stollii 

SFI-F17 was best at the saccharification, resulting in its selection for use as part of the 

pre-treatment prior to AD. Rumen fluid is the liquid fraction of the paunch obtained upon 

dewatering of the paunch solid contents and was used as part of the pre-treatment because 

it contains an abundance of lignocellulolytic microbes (Bhujbal et al. 2022).  

 

Deep-sea fungi may secrete lignocellulose-degrading enzymes because the primary food 

source for deep-sea organisms is biomass that has sunken to the sea floor, such as 

phytoplankton detritus, and lignocellulose-containing wood and other plant detritus 

(Arndt et al. 2013; Bienhold et al. 2013; Moura Queirós et al. 2019; Bravo et al. 2024). 

Rumen fluid is the liquid fraction of the paunch obtained upon dewatering of the paunch 

solid contents and contains an abundance of lignocellulolytic microbes (Bhujbal et al. 

2022). 
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Overall, it was hypothesised that pre-treating the paunch contents with rumen fluid would 

partially degrade the paunch contents lignocellulose matrix, allowing for increased 

subsequent degradation of the cellulose and hemicellulose fractions in the paunch 

contents by the lignocellulolytic deep-sea T. stollii SFI-F17 secretome. Here, the 

screening of six novel fungal secretomes (see Chapter 3) for their ability to saccharify 

cattle paunch contents, the pre-treatment of cattle paunch contents with rumen fluid 

and/or the T. stollii SFI-F17 secretome, and the resulting changes in biomethane potential, 

are reported. To the authors’ best knowledge, prior to this study, paunch contents have 

not been pre-treated biologically or enzymatically outside of the rumen. 

 

4.2 Materials and methods 

While the materials and methods followed in this study are described in detail, a flowchart 

of the methodology followed is also attached as Supplementary Data, Figure 4.1. 

4.2.1 Substrate and inoculum  

Three different lots of paunch contents of varying compositions (hereafter referred to as 

L1, L2 and L3; See Table 4.4) from grass-fed cattle were collected from Irish 

slaughterhouses. They were dried at 60  °C until a constant weight. They were then stored 

in sealed plastic bags at -20 °C until use.  

Fresh rumen fluid was collected from a cattle slaughterhouse in the west of Ireland and 

transported in a Thermos flask. It was used to pre-treat the three lots of paunch contents 

within 5 h of collection. 

The inoculum for the biomethane potential test was granular sludge collected from a full-

scale anaerobic digester treating dairy wastewater (Carbery Group, Balineen, Co. Cork, 

Ireland), stored at 4  °C, and acclimated for 6 days at 37  °C immediately before the 

biomethane potential test. The inoculum contained 8.5gVS/100g wet weight.  

4.2.2 Fungal isolate cultivation 

Cultivation of E. maritima SFI-D6, E. maritima SFI-F16, P. chrysogenum SFI-D13, P. 

chrysogenum BBW2 and T. stollii SFI-F17 was carried out on agar and liquid medium as 
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described in Chapter 3. For secretome preparation, 1 L and 2 L flasks with 2% (w/v) 

wheat bran (Odlums, Portlaoise, Ireland), 0.5% (w/v) mycological peptone (Neogen, 

Lansing, MI, USA, product #NCM0258), 3% (w/v) marine salts (Sigma, St. Louis, MO, 

USA, product #G8270) and 1% (v/v) DMSO (Sigma, St. Louis, MO, USA, product # 

5.89569) were used to cultivate larger volumes of the T. stollii SFI-F17 secretome.  

4.2.3 Chemical analyses 

Total solids (TS) and volatile solids (VS) were determined as per APHA, (2005). 

Cellulose, hemicellulose and lignin compositions were determined using the Chai and 

Udén, (1998) neutral detergent fibre method, and the AOAC Official Method 973.18 was 

used for acid detergent fibre and acid detergent lignin determination. β-D- xylanase, β-

glucanase, α-L-arabinofuranosidase and cellobiohydrolase type 1 activities were 

measured as per Dowd and Tuohy (2023). Total soluble carbohydrates (TCH) were 

measured using a phenol-sulfuric acid assay method (Masuko et al. 2005), with the 

following modifications: 50 µL of glucose standard (Sigma, St. Louis, MO, USA, product 

#G8270) ranging from 0-200 µg/mL was added to replicate 2 mL tubes. Fifty µL of 

sample supernatant suitably diluted to within the range of 0-200 µg/mL TCH was added 

to 2 mL tubes in replicate. Then, 150 µL of concentrated sulfuric acid (Sigma, Arklow, 

Co. Wicklow, Ireland, product #339741) was added to each tube and immediately 

vortexed for 3 seconds. Fifty µL of 5% (w/v) phenol (Thermo Fisher Scientific, 

Hollywoodrath, Dublin, Ireland, product #AAA1576022) was added to each tube, 

followed by vortexing for 3 seconds immediately after each addition. The tubes were 

boiled for 5 min in a water bath and allowed to cool at room temperature for 30 min. 

Samples were then transferred to a 96-well plate and read at A490 using 

microspectrophotometer (BioTek PowerWave XS2, Winooski, VE, USA), equipped with 

Gen5 software. Reducing sugars (RS) were measured using the dinitrosalicylic acid 

method as described by (Miller, 1959). Glucose was measured using the D-Glucose Assay 

Kit (GOPOD Format) (Megazyme, Wicklow, Ireland, product #K-GLUC). Phenolics 

were measures using the method of Zhang et al. (2006). 
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4.2.4 Preliminary screening of the secretomes for their ability to saccharify paunch 

contents 

One gram of L1 or L2 paunch contents were added to 50 mL sterile centrifuge tubes in 

duplicate. The paunch contents were incubated in 100 mM ammonium acetate buffer, pH 

5.0 for 15 min at either 40 and/or 50  °C. After incubation, each tube was made up to a 

total liquid volume of 26 mL with each secretome at a xylanase dosage of 60 IU. The 

secretomes were benchmarked against two commercial enzyme cocktails i.e. the 

Bioglucanase™ enzyme cocktail (Kerry Group, Tralee, Ireland), and Novalin commercial 

enzyme cocktail (NovaBiotec Dr. Fechter, Berlin, Germany), which were tested under 

the exact same conditions alongside the secretomes. The harvest time-points for the 

secretome were chosen on the basis of highest xylanase activities expressed as IU/mL 

(see Chapter 3; Section 3.2). Xylanase dosages were determined against 1% (w/v) rye 

arabinoxylan (Megazyme, Wicklow, Ireland, product #P-RAXY) (see Chapter 3; Section 

3.2). Tubes with just buffer and secretome were prepared as controls. Tubes were then 

incubated at 40 and/or 50  °C for either 24 h or 72 h at 120 RPM in an Innova 44 Incubator 

Shaker (New Brunswick Scientific, Edison, NJ, USA). Supernatant fractions of 1.8 mL 

were taken from each tube at 0 h, 3 h, 6 h, 24 h, 48 h & 72 h time-points and boiled for 5 

min to denature the enzymes. These supernatant samples were stored at -20  °C. After the 

final time-point, supernatant samples were taken and the solid fractions were drained and 

dried at 60  °C until a constant weight. The solid fractions were then stored at 4  °C. 

4.2.5 Pre-treatment with rumen fluid and T. stollii SFI-F17 secretome 

Rumen fluid was filtered through four layers of fine-grade muslin to remove large 

particles. One gram VS of paunch contents (either L1, L2 or L3) were added to 30 mL 

serum bottles. Six mL of filtered rumen fluid and 12 mL of dH2O was then added to each 

bottle. The bottles were purged with CO2 to create an anaerobic environment and 

incubated for 48 h at 120 RPM and 37  °C in an Innova 44 Incubator Shaker (New 

Brunswick Scientific, Edison, NJ, USA). Control bottles contained 1 g VS of L1, L2 or 

L3 paunch contents and 18 mL dH2O. All bottles were boiled for 10 min to stop the 

hydrolysis after 48 h. Four replicate sacrifice bottles for each lot of paunch contents were 

taken off at the 0 h and 48 h time-points, washed with hot dH2O, and stored at -20 °C for 

compositional analysis. 
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The rumen fluid-treated paunch contents and the untreated controls (incubated in H2O) 

were transferred to 500 mL plastic bottles. Four conditions were tested for each lot of 

paunch contents, with three replicate bottles for each condition and each lot (Table 4.1). 

For the first condition, the T. stollii SFI-F17 secretome was added to each bottle of rumen 

fluid-treated paunch contents at a dosage of 60 IU of xylanase measured against 1% (w/v) 

rye arabinoxylan (Megazyme, Wicklow, Ireland, product #P-RAXY). The samples tested 

under this condition are referred to as L1+RF+E, L2+RF+E or L3+RF+E. For the second 

condition, dH2O was added instead of the secretome to rumen fluid-treated paunch 

contents. These samples were referred to as L1+RF-E, L2+RF-E or L3+RF-E. For the 

third condition, the T. stollii SFI-F17 secretome was added to untreated paunch contents. 

These samples were referred to as L1-RF+E, L2-RF+E or L3-RF+E. For the fourth 

condition, dH2O was added to untreated paunch contents. These samples were referred to 

as L1-RF-E, L2-RF-E or L3-RF-E. All bottles were then buffered at pH 6.0 with 1 M 

citric acid and 0.2 M Na2HPO4, and incubated at 120 RPM and 50  °C for 24 h. Two mL 

of supernatant was harvested from each bottle at the 0 h, 3 h, 6 h and 24 h time-points for 

total carbohydrates (TCH), reducing sugars (RS) and glucose (GLC) analyses. 

Table 4.1. Pre-treatment conditions for each of L1, L2 and L3 paunch contents. 

Pre-treatment condition Contains Rumen fluid Contains T. stollii SFI-F17 secretome 

+RF + E Yes Yes 

+RF-E Yes No 

-RF + E No Yes 

-RF-E No No 

 

4.2.6 Biomethane potential test 

Immediately after the pre-treatment detailed in Section 4.2.4, the granular sludge 

inoculum that was acclimated for 6 days at 37  °C was sieved through a sheet of fine-

grade muslin and added to each sample bottle at a ratio of 2:1 inoculum:substrate on a VS 

basis. The inoculum loading concentration was 5.75 g VS/L, made up to 350 mL with 1% 

(w/v) sodium bicarbonate in dH2O. The bottles were purged with N2 gas for 3 min to 

create an anaerobic environment. The three replicate bottles per condition had gas bags 
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attached and were incubated at 37  °C for 50 days and 120 RPM in an Innova 44 Incubator 

Shaker (New Brunswick Scientific, Edison, NJ, USA). The quantity of gas produced was 

measured using the water displacement method (Filer et al. 2019) and the methane content 

of the gas was measured using an Agilent CP-3800 gas chromatographer (Agilent 

Technologies Inc. Santa Clara, California, United States) on days 2, 4, 7, 11, 17, 24, 32, 

40 and 50 of the biomethane potential test. On Day 50, the biomethane potential test was 

ended. 

4.2.7 Preliminary economic assessment 

A preliminary economic assessment of the potential energy benefit from two-step pre-

treated paunch contents for a case-study slaughterhouse was carried out, to estimate its 

impact on fuel costs for the slaughterhouse if used to partially replace electricity, heavy 

fuel oil (HFO) or diesel. The slaughterhouse studied was Anglo Beef Processors in 

Teehill, Clones, Co. Monaghan, Ireland. The number of cattle slaughtered, energy usage 

and types of fuel used by the slaughterhouse were publically available in the Anglo Beef 

Processors Annual Environmental Report, (2023). For the biomethane production 

potential calculations, the 2.4% fugitive methane emissions value was sourced from 

Scheutz and Fredenslund, (2019), and the biomethane lower heating value was sourced 

from the International Energy Agency, (2020). To convert MJ to MWh, the MJ value was 

multiplied by 0.000277778, as 1 MJ is equivalent to 0.000277778 MWh. The added 

energy used by the slaughterhouse if a digester was used on-site was calculated based on 

the basis that 10kWh/t of slurry digested would be used as per Murphy and Power, (2009). 

The financial savings obtained if the energy produced by digesting two-step-treated 

paunch contents was used to replace some of the electricity, HFO and diesel were 

calculated based on the price of each fuel published by the SEAI, (2024). 

4.2.8 Statistical analysis 

Statistical analyses were carried out using the arithmetic mean, standard deviation, 

Student’s t-test and one-way ANOVA in Microsoft Excel 2016 (Microsoft, Washington, 

DC, USA) was the software program used.  
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4.3 Results & Discussion 

4.3.1 Preliminary screening of all secretomes for their ability to saccharify paunch 

contents 

4.3.1.1 Effect of using each novel secretome and commercial enzyme cocktails for 

saccharification at 40 °C and 50 °C 

Each of the six fungal secretomes were tested to see if they could effectively saccharify 

cattle paunch contents alongside two commercial cellulolytic enzyme cocktails. This was 

done by measuring the TCH  released from the paunch contents when incubated with each 

secretome during a 72 h reaction period (Figure 4.1). The secretomes were measured at 

both 40 and 50 °C, as each of the secretomes has optimal β-xylanase activity at either 

40 °C or 50 °C (see Chapter 3, Section 3.3).  

When using the E. maritima SFI-F16 secretome for paunch contents saccharification, 

TCH released were not significantly different at either temperature up to 24 h (p≥0.05) 

(Figure 4.1A). At the 48 h and 72 h time-points, the TCH released were 21.1% and 19.0% 

lower at 50 °C when compared to TCH released at 40 °C. Overall, 56.72 and 45.93 mg 

TCH/g paunch contents were released at 40 °C and 50 °C after 72 h. However, this 

difference was not considered statistically significant (p≥0.05).When using the E. 

maritima SFI-D6 secretome, TCH released were not significantly different (p≥0.05) at 

40 °C and 50 °C after 72 h, with 41.35 and 45.38 mg TCH/g paunch contents released 

(Figure 4.1B). Therefore, it can be concluded that both 40 °C and 50 °C are suitable 

temperatures for the hydrolysis of paunch contents using the E. maritima secretomes. 

Furthermore, there was no statistical difference between the two E. maritima secretomes 

in terms of the TCH released/g paunch contents. 

When using the P. chrysogenum SFI-D13 secretome, TCH released were not significantly 

different (p≥0.05) until the 72 h time-point, where 29.95 and 41.84 mg TCH/g paunch 

contents were released at 40 °C and 50 °C (Figure 4.1C). Therefore, this secretome 

saccharified paunch contents better at 50 °C than 40 °C after 72 h of incubation, with 

28.4% more TCH released at 50 °C. When using the P. chrysogenum BBW2 secretome, 

there was no statistically significant difference in TCH released at 40 °C and 50 °C 

(p≥0.05) over 72 h (Figure 4.1D). Therefore, this secretome saccharified paunch contents 
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equally well at both temperatures, with 54.33 and 54.01 mg TCH/g paunch contents being 

released at 40 °C and 50 °C. Similarly to BBW2, for P. antarcticum SFI-F25, there was 

no significant difference between saccharification at 40 °C or 50 °C, with 45.19 and 49.38 

mg TCH/g paunch contents released over 72 h (p≥0.05) (Figure 4.1E). When comparing 

the saccharification of paunch contents by the P. chrysogenum secretomes and the P. 

antarcticum secretome, BBW2 released more TCH than SFI-D13 or SFI-F25, and 

therefore was better at saccharifying paunch contents.  

When using the T. stollii SFI-F17 secretome (Figure 4.1F), amounts of TCH released 

from paunch contents were significantly different between 40 °C and 50 °C (p≤0.05) at 

the 48 h and 72 h time-points. At 40 °C, 82.26 mg TCH/g paunch contents were released 

after 72 h, while at 50 °C, 107.80 mg TCH/g paunch contents were released at the 72 h 

time-point (a 23.6% difference). A similar trend was observed for at the 24 h and 48 h 

time-points at 40 °C and 50 °C, with 40.82 and 76.30 mg TCH/g paunch contents released 

after 24 h, and 43.02 and 77.29 mg TCH/g paunch contents released after 48 h, 

respectively. It was clear that the T. stollii SFI-F17 secretome saccharified paunch 

contents more efficiently at 50 °C than at 40 °C.  

When using the Kerry Bioglucanase commercial enzyme cocktail, amounts of TCH 

released from paunch contents were significantly different between 40 °C and 50 °C 

(p≤0.05) at the 48 h and 72 h time-points (Figure 4.1G). At 40 °C, 98.01 mg TCH/g 

paunch contents were released after 72 h, 26.88% more than at 50 °C at the 72 h time-

point (71.67 mg TCH/g paunch contents). There was not, however, a significant 

difference between TCH released at the 3, 6 and 24 h time-points (p≥0.05). Therefore, 

this enzyme cocktail saccharified paunch contents more effectively at 40 °C. 

When using the Novalin commercial enzyme cocktail, there was a statistically significant 

difference (p≤0.05) in saccharification between 40 °C and 50 °C at the 24 h time-point, 

where 54.59 and 32.21 mg TCH/g paunch contents were released, respectively. This was 

also true at the 48 h time-point, where 78.88 and 56.79 mg TCH/g paunch contents were 

released, respectively. However, by 72 h there was no significant difference of TCH 

released between 40 °C and 50 °C (p≥0.05), where 92.60 and 85.85 mg TCH/g paunch 

contents were released, respectively (Figure 4.1H). Therefore, this enzyme cocktail 
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saccharified paunch contents more effectively at 40 °C up to the 48 h time-point, but to a 

similar extent at both 40 °C and 50 °C by the 72 h time-point. 

 
Figure 4.1: TCH released from L2 paunch contents over 72 h at 40 °C and 50 °C by the secretomes of (A) 

E. maritima SFI-F16, (B) E. maritima SFI-D6, (C) P. chrysogenum SFI-D13, (D) P. chrysogenum BBW2, 

(E) P. antarcticum SFI-F25 and (F) T. stollii SFI-F17, as well as (G) Kerry Bioglucanase enzyme cocktail, 

(H) Novalin enzyme cocktail and (I) no secretome (control). Error bars represent standard deviation 

between replicates. 
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Overall, when comparing each secretomes’ ability to saccharify paunch contents, the T. 

stollii SFI-F17 secretome released significantly more TCH from the paunch contents than 

the other five novel isolate secretomes and the substrate control. As can be seen in Figure 

4.2, each secretome maximally released 56.72, 49.38 107.80, 45.38, 41.84 and 54.33 mg 

TCH/g paunch contents, with 25.04 mg TCH/g released from the control. When 

comparing the T. stollii SFI-F17 secretome maximum saccharification to that of the 

commercial cocktails, there was no significant difference (p≥0.05) between it and that of 

Kerry Bioglucanase (98.01 mg TCH released/g paunch contents). However, the 

difference in TCH released by Novalin (92.28 mg TCH released/g paunch contents) and 

the T. stollii SFI-F17 secretome were considered statistically significant (p≤0.05), with T. 

stollii SFI-F17 releasing 14.40% more TCH over 72 h than Novalin enzymes under the 

conditions of this experiment. Therefore, the T. stollii SFI-F17 secretome was considered 

the best candidate for saccharification of paunch contents after benchmarking the 

unoptimised secretome against commercial enzymes. 

Figure 4.2: Maximum TCH released from L2 paunch contents by each secretome at 40 °C and/or 50 °C 

over 72 h. EM_F16 = E. maritima SFI-F16; EM_D6 = E. maritima SFI-D6; PC_D13 = P. chrysogenum 

SFI-D13; BBW2 = P. chrysogenum BBW2; PA_F25 = P. antarcticum SFI-F25; TS_F17 = T. stollii SFI-

F17; Ker= Kerry Bioglucanase enzyme cocktail; Nov = Novalin enzyme cocktail and SB = no secretome 

(control). Error bars represent standard deviation between replicates. 

4.3.1.2 Effect of combining the T. stollii SFI-F17 secretome with the E. maritima, P. 

chrysogenum and P. antarcticum secretomes on the saccharification of rye arabinoxylan 

and paunch contents. 

It was previously determined that the T. stollii SFI-F17 secretome produced more exo-

hydrolase activity than the other five tested secretomes (see Chapter 3, section 3.2), while 

the other five isolate secretomes produced more endo-β-xylanase activity than the T. 
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stollii SFI-F17 secretome (see Chapter 3, section 3.1). Furthermore, as can be seen in 

section 4.3.1.1 above, all secretomes saccharified paunch contents to some extent more 

than the control. Therefore, the effect of combining each of the five secretomes that 

produced higher endo-β-xylanase activity with the T. stollii SFI-F17 secretome on the 

saccharification of 1% (w/v) rye arabinoxylan, a pure substrate that is easy to saccharify, 

and paunch contents, a recalcitrant substrate, was investigated. 

Initially, the saccharification of 1% (w/v) rye arabinoxylan was investigated to see if there 

was any synergistic action between the secretomes on hydrolysing the pure substrate, by 

measuring endo-xylanase activity (IU/mL). Neither E. maritima SFI-F16 or P. 

antarcticum SFI-F25 showed synergy in hydrolysing the rye arabinoxylan. This was 

concluded as the sum of the individual secretomes’ endo-xylanase activities were greater 

than the observed activity recorded for the combined secretomes. However, a synergistic 

effect in hydrolysing the rye arabinoxylan was demonstrated by E. maritima SFI-D6, P. 

chrysogenum SFI-D13 and P. chrysogenum BBW2 when combined with the T. stollii 

SFI-F17 secretome. This was concluded as the sum of the individual secretomes’ endo-

xylanase activities were less than the observed activity recorded for the combined 

secretomes. To determine whether the synergistic activity observed between these 

secretomes against rye arabinoxylan, a purified substrate, would translate into improved 

hydrolysis of paunch contents, a recalcitrant lignocellulosic substrate, different 

combinations of T. stollii SFI-F17 with the E. maritima SFI-D6, P. chrysogenum SFI-

D13 and P. chrysogenum BBW2 secretomes were incubated with paunch contents. This 

was achieved by combining different ratios of each secretome with each other (Table 4.2).  

The results of this experiment were as shown in Figure 4.3. It was observed that when 

each of the secretomes was combined with that of T. stollii SFI-F17, that no synergistic 

effect was observed in terms of TCH, RS and GLC released over 24 h. However, it was 

clear that the T. stollii SFI-F17 secretome acting alone saccharified the paunch contents 

significantly more than any of the other isolate secretomes, or their combinations with T. 

stollii SFI-F17. It was therefore concluded that the T. stollii SFI-F17 secretome alone was 

the best candidate for use as a paunch contents pre-treatment prior to AD. 
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Table 4.2: Combinations of secretomes used in paunch contents hydrolysis. Full dosage 

refers to the amount of each secretome required to provide 60 IU xylanase activity against 

1% (w/v) rye arabinoxylan per gram of paunch contents. Half dosage refers to the halving 

of the full dosage volume given for the secretome. 2x dosage refers to doubling of the full 

dosage volume given for the secretome. EM = E. maritima SFI-D6; TS = T. stollii SFI-

F17; PCD13 = P. chrysogenum SFI-D13; BBW2 = P. chrysogenum BBW2.  

 

Overall, it was not clear as to why there was no synergism between the T. stollii SFI-F17 

secretome and the other three secretomes tested. However, as they are complex 

secretomes containing many different proteins, there may have been inhibition between 

different elements of the secretomes when mixed. For example, enzymes that compete 

for the same binding sites may have inhibited each other, resulting in an overall reduction 

of saccharification (Schäuble et al. 2013). 
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Figure 4.3: TCH, RS and GLC released from L1 paunch contents over 24 h by combinations of secretomes 

as detailed in Table 4.2. Error bars represent standard deviation between replicates. Definitions of full and 

half dosages are described in Table 4.2. EM = E. maritima SFI-D6; PCD13 = P. chrysogenum SFI-D13; 

BBW2 = P. chrysogenum BBW2; TS = T. stollii SFI-F17.Note: each colour is a standalone measurement 

(the blue, orange and grey bars are stacked). 

4.3.2 Pre-treatment of paunch contents with rumen fluid and the T. stollii SFI-F17 

secretome, and their biomethane potential 

Three compositionally different lots of cattle paunch contents (L1, L2 and L3; Table 4.4) 

were pre-treated with rumen fluid followed by the T. stollii SFI-F17 secretome. Rumen 

fluid was included in the pre-treatment because it is known to contain an abundance of 

lignocellulolytic microorganisms (Hagen et al. 2021; Li et al. 2021; Xu et al. 2024). After 

the rumen fluid pre-treatment step, the hemicellulolytic and cellulolytic T. stollii SFI-F17 

secretome was used to pre-treat the paunch contents (Dowd and Tuohy, 2023).  

In the current study, it was hypothesised that the rumen fluid pre-treatment would 

partially degrade the lignocellulose matrix in the paunch contents, allowing for improved 

access to the hemicellulose and cellulose fractions by the T. stollii SFI-F17 secretome. 

This would lead to greater biodegradation of the paunch contents than there would be 
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using just rumen fluid or just the T. stollii SFI-F17 secretome, and subsequently improve 

biomethane potential during AD.  

4.3.2.1 Rumen fluid pre-treatment 

For the first step of the pre-treatment, rumen fluid was added to each lot of paunch 

contents and was incubated anaerobically for 48 h at 37 °C. This duration was chosen as 

it has previously been shown to be the optimal pre-treatment duration of grass clippings 

using rumen fluid (Wang et al. 2018).  

4.3.2.1.1 Enzymatic activities in rumen fluid 

The rumen microbiome and its secreted hydrolytic enzymes are the agents of 

lignocellulose degradation during pre-treatment (Zhang et al. 2016; Baba et al. 2017; F. 

Li et al. 2017; Wang et al. 2018; Xu et al. 2024). Therefore, to ensure the rumen fluid 

used in this study was hydrolytically active, extracellular enzymatic activities important 

for the degradation of carbohydrates in paunch contents (β-D- xylanase, β-glucanase, α-

L-arabinofuranosidase and cellobiohydrolase type 1) were measured in the rumen fluid 

at the start and end of the pre-treatment (Figure 4.4).  

It can be seen in Figure 4.4A and B that at the start-point, there was 2.947 ± 0.41 IU/mL 

β-D- xylanase activity, 5.03 ± 0.46 IU/mL β-glucanase activity, 0.145 ± 0.06 IU/mL of 

α-L-arabinofuranosidase activity and 0.0341 ± 0.02 IU/mL cellobiohydrolase type 1 

activity in the rumen fluid. Levels of these enzymes all decreased after the 48 h incubation 

with rumen fluid, with extracellular activity for α-L-arabinofuranosidase not detectable. 

At the 48 h time-point, there was 0.487 ± 0.186 IU/mL, 0.231 ± 0.034 IU/mL and 0.809 

± 0.347 IU/mL β-D- xylanase activity in L1, L2 and L3 liquid fractions. There was also 

1.908 ± 0.344 IU/mL, 3.537 ± 0.384 IU/mL and 1.050 ± 0.215 IU/mL β-glucanase activity 

in these fractions. For cellobiohydrolase type 1 activity, there was 0.015 ± 0.001 IU/mL, 

0.014 ± 0.017 IU/mL and 0.027 ± 0.008 IU/mL in L1, L2 and L3 liquid fractions after 48 

h, respectively. While the hydrolytic activities measured decreased, these results 

indicated that the rumen fluid culture retained some hydrolytic activity throughout the 48 

h incubation on all three lots of paunch contents. 
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Figure 4.4: Enzymatic activities present in the rumen fluid at the pre-treatment start point (0 h) and the 

end-point (48 h) on paunch contents L1, L2 and L3. Error bars represent standard deviation between 

triplicate measurements. 

 

4.3.2.1.2 Compositional changes in the paunch contents 

During AD, microbes reduce the solids contents and lignocellulose fractions of their 

substrate, as they solubilise and hydrolyse the biomass (Menzel et al. 2020). Therefore, 

these compositional changes can be used as an indicator as to whether or not the substrate 

is being degraded efficiently. In this study, there was a reduction of 12.55 ± 0.26%, 8.42 

± 0.17% and 14.96 ± 1.04% of TS from the rumen fluid pre-treated L1, L2 and L3, while 

there was no significant change in the dH2O-containing controls for L1 and L2 (p>0.05) 

(Table 4.3). For L3, there was a 3.07 ± 0.04% reduction in the control TS content, leaving 

a true reduction value for the rumen fluid treated L3 at 11.89%. The reduction for L1 was 

similar to that reported by Zhang et al. 2016, who reported an approximately 15% 

destruction of TS from ground rice straw over a 48 h rumen fluid pre-treatment when 

compared to the control. Wang et al. 2018 reported a reduction of 55.7% in TS for grass 

clippings < 0 .15 mm in size, significantly more than was reported in this study, 

demonstrating the recalcitrance of the paunch contents treated in this study.  For VS, 

16.37 ± 0.41%, 10.83 ± 0.33% and 17.40 ± 1.01% were reduced in L1, L2 and L3 after 

48 h of rumen fluid pre-treatment. While the change in VS was insignificant for L1 and 

L2 controls (p>0.05), 7.41 ± 0.41% of VS were reduced in the control for L3, making the 

true reduction for L3 rumen fluid treatment 9.99%. Zhang et al. 2016 reported a VS 

reduction of approximately 14% from ground rice straw compared to the control, 

similarly to those in this study.  
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Table 4.3: Change in TS and VS and of L1, L2 & L3 after 48 h rumen fluid pre-treatment. 

With RF= tests that were pre-treated with rumen fluid; with H2O= controls that were 

incubated with dH2O instead of rumen fluid. Where ‘-‘ is seen, there was no significant 

change recorded (p>0.05). ± indicates standard deviation of triplicate measurements. 

Lot No. Condition TS (%) VS (%) 

1 with RF -12.55 ±  0.26 -16.37 ±  0.41 

 with H2O - - 

2 with RF -8.42 ±  0.17 -10.83 ±  0.33 

 with H2O - - 

3 with RF -14.96 ±  1.04 -17.40 ±  1.01 

 with H2O -3.07 ±  0.04 -7.41  ± 0.41 

 

In terms of lignocellulose composition (Table 4.4), L1 was similar to paunch contents 

previously reported (Dowd et al. 2022). L2 were compositionally similar to cattle paunch 

contents reported by Bai et al. 2023 and Chan et al. 2022. L3 had a significantly larger 

amount of lignin than L1 and L2 in this study and than values reported in other studies 

(Chan et al. 2022; Dowd et al. 2022; Bai et al. 2023). 

Table 4.4: Compositional analysis of paunch contents L1, L2 & L3. All samples were 

characterised in triplicate.  
L1  L2 L3 

Total solids (%)  91.64 94.73 90.34 

Volatile solids (% TS) 90.96 96.48 90.88 

Ash (%)  9.5 3.51 9.12 

Cellulose (% TS) 14.63 29.02 13.29 

Hemicellulose (% TS)  28.92 30.03 30.36 

Lignin (% TS) 21.23 27.61 50.5 

Total Lignocellulose (%TS) 64.78 86.66 94.15 
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The effect of rumen fluid pre-treatment on L1, L2 and L3 on the reduction of cellulose, 

hemicellulose and lignin is shown in Table 4.5, as well as lignocellulose reductions in 

rumen fluid treated substrates reported by other studies. For L1, there was no significant 

change in  hemicellulose (p>0.05), 7.14 ± 0.35% less cellulose and 9.11 ± 2.24% less 

lignin after the 48 h rumen fluid pre-treatment when compared to the dH2O control. For 

L2, there was 6.45 ± 0.33% less hemicellulose, no significant change in cellulose 

(p>0.05), and 17.86 ± 0.74% less lignin after pre-treatment. For L3, there was no 

significant change in hemicellulose (p>0.05), no significant change in cellulose (p>0.05) 

and 14.28 ± 0.28% less lignin when rumen fluid pre-treated when compared to the dH2O 

control.  

Table 4.5: The effect of rumen fluid pre-treatment on the reduction of cellulose, 

hemicellulose and lignin in L1, L2 and L3 cattle paunch contents, as well as on rumen 

fluid treated substrates from other studies. 

Substrate Cellulose 

(%) 

Hemicellulose 

(%) 

Lignin 

(%) 

Time 

(h) 

Study 
 

Rice straw -47.8 -58.9 -20.6 120 Zhang et al. 2016 

Grass clippings -65.9 -60.2 -20 48 Wang et al. 2018 

Corn straw -19.8 -19.4 -41.1 24 Xu et al. 2024 

Rapeseed -72.1 -36.7 -22.5 24 Baba et al. 2017 

Cattle paunch 

contents L1 

-7.14 0 -9.11 48 This study 
 

Cattle paunch 

contents L2 

0 -6.45 -17.86 48 This study 
 

Cattle paunch 

contents L3 

0 0 -14.28 48 This study 
 

 

Overall, in this study, it was shown that rumen fluid pre-treatment had an effect on 

lignocellulose degradation. For L1, L2, and L3 this was predominantly characterised by 

a reduction of lignin, and a relatively small difference in the reduction of hemicellulose 

or cellulose for L1 and L2, when the lignocellulose contents of rumen fluid pre-treated 

paunch contents were compared to the dH2O controls. The amount of cellulose, 
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hemicellulose and lignin degraded in other lignocellulosic substrates by rumen fluid, such 

as grass clippings (Wang et al. 2018), rice straw (Zhang et al. 2016) and corn straw (Xu 

et al. 2024), varied significantly. Furthermore, lignocellulosic biomass tends to vary in 

composition significantly, between biomass types such as agri-wastes (Dowd et al. 2022), 

forestry wastes (Nanda et al. 2013) and food waste (Carmona-Cabello et al. 2018). 

Lignin was degraded in all three lots of paunch contents in comparable amounts to the 

substrates from other studies listed in Table 4.3. However, it was evident from the 

relatively small changes hemicellulose and cellulose fractions in L1, L2 and L3 when 

compared to other studies (Table 4.5) that hydrolysis of the hemicellulose and cellulose 

fractions occurred at a lower rate. This may be due to the higher lignin content of the 

substrates used in this study compared to the other studies (between 21.23-50.5%), as 

well as the fact that there was no mechanical treatment e.g. milling applied to the paunch 

contents in this study prior to the pre-treatment to increase the surface area for improved 

microbial attack. For example, Wang et al. (2018) reported an 8% lignin content of grass 

clippings as well as milling prior to rumen fluid treatment, while Zhang et al. (2016) 

reported a rice straw lignin content of 6% and also ground it to 30-mesh size prior to 

rumen fluid treatment. Xu et al. (2024) reported that corn straw was cut to 2-3 cm in size 

and that lignin content was 16.3%. It has been shown in many studies that both lignin 

content and particle size influences the degradation of lignocellulosic biomass. Lignin 

increases the recalcitrancy of plant biomass, while reduction of particle size increases the 

surface area of where hydrolytic microbes can attack (Menardo et al. 2012; Wang et al. 

2018; Yoo et al. 2020; Zhang et al. 2023). Additional variations in experimental design 

between studies such as the length of the pre-treatment, buffering of the pH, adding 

artificial saliva, the substrate to rumen fluid ratio, vessel volume, agitation and dilution 

of the rumen fluid may also have played a role in the hydrolysis rate of the substrate (Baba 

et al. 2019; Li et al. 2017; Wang et al. 2018; Xu et al. 2024; Yu et al. 2024; Zhang et al. 

2016). Overall, in the work reported in this chapter, a reduction in TS and VS, as well as 

efficient degradation of lignin indicated that hydrolysis occurred during the rumen fluid 

pre-treatment. 
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4.3.2.2 T. stollii SFI-F17 secretome pre-treatment 

For the second step of the pre-treatment, the novel deep-sea T. stollii SFI-F17 secretome 

was used to pre-treat the rumen fluid-treated paunch contents for 24 h. It was previously 

shown that this fungal secretome had potential to be used as or integrated into a 

lignocellulosic biomass pre-treatment, due to its array of hemicellulolytic and cellulolytic 

enzyme activities (Dowd and Tuohy, 2023). The secretomes ability to degrade 

lignocellulose in L1, L2 and L3 was assessed primarily through the release of TCH from 

the paunch contents over the pre-treatment period, as well as by measuring the release of 

RS and GLC. The increase in TCH released was measured to determine the concentration 

of all soluble carbohydrates released from the paunch contents, including both non-

reducing carbohydrates e.g. fragments and RS (Masuko et al. 2005). The increase of RS 

released was measured because RS released from a grassy substrate like paunch contents 

include the monosaccharide and disaccharide building blocks of cellulose and 

hemicellulose i.e. glucose, galactose, xylose, arabinose, mannose and cellobiose (Miller, 

1959; Sun et al. 2021).  

The TCH released during the secretome pre-treatment are shown in Figure 4.5, while the 

RS and GLC released are shown in Supplementary Figures 4.2, 4.3 and 4.4. It was 

observed that in the samples treated with T. stollii SFI-F17 secretome, that the amount of 

TCH released significantly increased from L1, L2 and L3, when compared to the TCH 

released from the samples not treated with secretome (p<0.05).  

The TCH released from two-step treated and just secretome treated L1 increased 8.93- 

and 13.60-fold to 33.29 ± 0.39 and 50.69 ± 4.02 mg/g, respectively, relative to the TCH 

released from untreated L1. Of the TCH released from the two-step treated L1, 24.49 ± 

3.77 mg/g were RS, and 23.03 ± 0.15 mg/g were GLC. Of the TCH released from just 

secretome-treated L1, 33.21 ± 2.48 mg/g were RS, and 25.15 ± 0.30 mg/g were GLC. The 

difference between the TCH released from two-step treated and just secretome treated L1 

was considered to be statistically significant (p>0.05).  

TCH released from two-step treated and just secretome treated L2 increased by 5.31- and 

6.81- fold to 61.73 ± 7.29 and 79.27 ± 7.78 mg/g, respectively, relative to TCH released 

from untreated L2. Of the TCH released from the two-step treated L2, 29.24 ± 1.15 mg/g 
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were RS, and 27.70 ± 5.40 mg/g were GLC. Of the TCH released from just secretome-

treated L2, 41.24 ± 5.49 mg/g were RS, and 39.11 ± 1.12 mg/g were GLC. The difference 

between TCH released from two-step treated and just secretome treated L2 was 

considered to be statistically significant (p>0.05).  

TCH released from two-step treated and just secretome treated L3 increased by 5.62- and 

4.07- fold to 25.33 ± 2.64 and 18.12 ± 1.83 mg/g, respectively, relative to TCH released 

from untreated L3. Of the TCH released from the two-step treated L3, 13.78 ± 0.56 mg/g 

were RS, and 12.01 ± 2.71 mg/g were GLC. Of the TCH released from just secretome-

treated L3, 16.22 ± 2.19 mg/g were RS, and 14.46 ± 5.19 mg/g were GLC.  The difference 

between the TCH released from two-step treated and just secretome treated L3 was 

considered significant (p<0.05). The difference between the TCH released from all 

untreated paunch contents and those treated with just rumen fluid was not considered to 

be statistically significant (p>0.05). 

Overall, for L1 and L2 paunch contents, rumen fluid pre-treatment did not increase the 

saccharification by the T. stollii SFI-F17 secretome when compared to the untreated 

samples (Figure 4.5A and B). However, rumen fluid pre-treatment did significantly 

increase the saccharification by the T. stollii SFI-F17 secretome of L3 paunch contents 

(Figure 4.5C). These results were unexpected, as it was hypothesised that degradation of 

the paunch contents by the rumen fluid pre-treatment step would increase the 

saccharification by the T. stollii SFI-F17 secretome, due to a decrease in lignin content 

(Table 4.5), and thus a greater availability of hemicellulose and cellulose fractions for the 

secretome carbohydrate-hydrolysing enzymes. This was the case for L3, but not for L1 

or L2, where less TCH were released from the rumen fluid-treated paunch contents 

compared to the paunch contents that were not rumen fluid-treated.  

A possible explanation for this reduction in carbohydrate hydrolysis in the rumen fluid-

treated L1 and L2 samples was the amount of phenolics present in the sample supernatant. 

Phenolic compounds have been shown to inhibit the activity of cellulases and xylanases 

during biomass hydrolysis (Ximenes et al. 2011; González-Bautista et al. 2017; Mathibe 

et al. 2020). The action of rumen fluid microbes in the first step of the pre-treatment may 

have released soluble phenolic compounds from the cell vacuoles into the supernatant 

(Kagan, 2021). While phenolic compounds generally have low water solubility, water-
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soluble glycoside derivatives of phenolic compounds are present in Lolium perenne 

(Kagan, 2021) and L. multiflorum (Kuppusamy et al. 2018), the main components of cattle 

paunch contents in Europe (Fowler et al. 2003; Dowd et al. 2022). In Ireland in particular, 

where the paunch contents used in this study were sourced, 95% of the pasture seed sold 

is for L. perenne (Department of Agriculture, Food and the Marine, Ireland, 2021). These 

phenolic compounds have been reported as inhibitors of cellulase (Sami and Shakoori, 

2011) and β-galactosidase (Dick and Smith, 1990; Gamble et al. 2000). Therefore, 

phenolics present in the sample supernatants were measured to estimate whether or not 

there was a higher level of phenolics present in the rumen fluid treated samples (Table 

4.6; Figure 4.6).  

 

Figure 4.5: TCH released during T. stollii SFI-F17 secretome pre-treatment. (A) L1 TCH released (mg/g 

paunch contents); (B) L2 TCH released (mg/g paunch contents); (C) L3 TCH released (mg/g paunch 

contents). (D) L1, L2 and L3 TCH released (mg/g paunch contents) at the 24 h time-point on same scale. 

+RF= rumen fluid pre-treated; -RF=not rumen fluid pre-treated; +E= pre-treated with T. stollii SFI-F17 

secretome; -E= not pre-treated with T. stollii SFI-F17 secretome. Error bars represent standard deviation 

between replicates. Note: Graphs are not on the same scale. 
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For L1, L2 and L3, the phenolics content in the supernatant of the two-step-treated 

samples was between 8.49-36.96% higher than that for the just secretome-treated samples 

(Table 4.6). The differences in phenolics content in the supernatants was considered to be 

statistically significant (p<0.05). For L3, however, the difference between the phenolics 

content in the two-step and just secretome-treated sample supernatants was much less 

than for L1 and L2.  

Table 4.6: Comparison of total soluble phenolics (mg/g) present in the supernatant of the 

two-step (+RF+E) and just secretome-treated (-RF+E) paunch contents (L1, L2 and L3). 

SD= Standard deviation. 

 

Furthermore, the mean phenolics content in the L3 supernatant for both the two-step and 

just secretome treatments was higher than for L1 and L2. As well as this, the amount of 

TCH released from both the two-step and just secretome treatments of L3 was overall 

much less than for L1 and L2 (Figure 4.5). Thus, while the TCH released for L3 was 

greater in the two-step treated samples than by the just secretome-treated samples, 

differences in the hydrolysis of L3 were objectively less significant than for L1 and L2, 

due to the comparatively low TCH release and higher phenolics content in the 

supernatant.  

It is difficult to determine why precisely there was a higher level of total phenolics in the 

supernatant of L3 when compared to L1 and L2. Both the quantities and types of phenolic 

compounds present in L. perenne and L. multiflorum reported in the literature vary. This 

is due to factors such as the time of year the grass is cut, the time of day its cut (diurnal 

variation), the grass maturity, or whether it is in the form of fresh grass, silage or hay 

(Besle et al. 2010; Kagan, 2021; Rapisarda and Abu-Ghannam, 2023). Further variations 

Lot No. Total Soluble Phenolics (mg/g ± SD) 
% increase in phenolics 

with +RF treatment 

 +RF+E -RF+E    

1 8.39 ± 1.07 5.74 ± 0.64 30.54-36.96  

2 7.37 ± 0.58 4.68 ± 0.84 29.98-48.82  

3 9.66 ± 0.63 8.43 ± 0.25 8.49-17.08  
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in phenolic content of the grass are influenced by fungal pathogen associations such as 

with Magnaporthe oryzae (Rahman et al. 2015), Neotyphodium lolii (Pańka et al. 2013) 

or Epichloë festucae var. lolii (Li et al. 2020), as well as environmental stressors such as 

UV-B exposure or drought stress (Kagan, 2021).  

 

Figure 4.6: Phenolics in hydrolysis supernatant at the 0 h, 3 h, 6 h and 24 h time-points during T. stollii 

SFI-F17 secretome pre-treatment for (A) L1, (B) L2 and (C) L3. Error bars represent standard deviation 

between triplicate measurements. +RF= rumen fluid pre-treated; -RF=not rumen fluid pre-treated; +E= pre-

treated with T. stollii SFI-F17 secretome; -E= not pre-treated with T. stollii SFI-F17 secretome. 

 

The issue of phenolic compounds in the supernatant is solvable, however. Many different 

techniques have been used successfully to detoxify lignocellulosic hydrolysates of 

phenolic compounds to improve subsequent enzymatic hydrolysis/fermentation. Such 

techniques to remove phenolics have used electrochemical polymerisation, hydrophobic 

deep eutectic solvents, fungal laccases, activated carbon treatment, overliming with 

calcium hydroxide, and liquid-liquid extraction using hydrophobic phosphonium ionic 

liquids (Ludwig et al. 2013; Lee et al. 2015; Hahn Schneider, 2020; Arminda, et al 2021; 

Sáenz de Miera et al. 2022; Sierra-Ibarra et al. 2022; Cañadas et al. 2023; Honarmandrad 
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et al. 2024; Tonova et al. 2024). Using one of these environmentally friendly 

detoxification techniques in between the rumen fluid and T. stollii SFI-F17 secretome 

treatment steps could allow the secretome proteins to carry out lignocellulose hydrolysis 

optimally.  

Overall, these data support the conclusion that phenolic compounds in the supernatant 

may play a role in the inhibition of lignocellulolytic activity by the T. stollii SFI-F17 

secretome in rumen-fluid treated L1 and L2 samples. In terms of L3, the relatively high 

levels of phenolics in both the rumen fluid treated and untreated sample supernatants, as 

well as the high lignin content (Table 4.4), may have played a role in reducing overall 

hydrolysis by T. stollii SFI-F17 secretome, resulting in low TCH release from both. In 

future experiments, using a detoxification step after the rumen fluid treatment step could 

improve lignocellulose hydrolysis by the T. stollii SFI-F17 secretome, by reducing 

inhibitory phenolic compounds. In vitro experiments can also be carried out to determine 

the level of inhibition by phenolic compounds. 

4.3.2.3 Biomethane potential test 

After the two-step rumen fluid and T. stollii SFI-F17 secretome pre-treatment, the three 

lots of paunch contents were digested during a 50-day biomethane potential test (Figure 

4.7). This experiment showed that paunch contents pre-treated using a combination of 

rumen fluid and the T. stollii SFI-F17 secretome increased the biomethane potential by 

104.68% (L1), 104.84% (L2) and 83.24% (L3) compared to the controls. When pre-

treated with only the T. stollii SFI-F17 secretome, the biomethane potential was increased 

by 44.58% (L1), 74.47% (L2) and 101.35% (L3) compared to the controls (Table 4.7).   
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Table 4.7: The SMYs on days 50 and 17 (L CH4/kg VS added), the SMY on day 17 as a 

percentage of the total SMY on day 50, and biomethane potential changes relative to the 

control (%) for L1, L2 and L3 paunch contents. +RF= rumen fluid pre-treated; -RF=not 

rumen fluid pre-treated; +E= pre-treated with T. stollii SFI-F17 secretome; -E= not pre-

treated with T. stollii SFI-F17 secretome.  SD = Standard deviation. 

Sample 

SMY Day 50  ± 

SD 

(L CH4/kg VS 

added) 

SMY Day 17 ± 

SD 

(L CH4/kg VS 

added) 

SMY Day 

17 

(% of total) 

Biomethane 

potential 

change relative 

to control (%) 

L1+RF+E 209.52 ± 1.88 192.88 ± 5.95 92.06 +104.68 

L1+RF-E 100.78 ± 1.25 87.70 ± 0.36 95.80 -1.55 

L1-RF+E 147.99 ± 0.38 141.78 ± 9.65 87.02 +44.58 

L1-RF-E 

(control) 
102.36 ± 0.49 93.53 ± 1.31 91.37 - 

L2+RF+E 174.54 ± 0.50 166.17 ± 3.16 95.20 +104.84 

L2+RF-E 89.83 ± 0.51 83.96 ± 3.82 94.15 +5.42 

L2-RF+E 148.66 ± 0.31 139.97 ± 2.78 93.47 +74.47 

L2-RF-E 

(control) 
85.21 ± 0.29 79.47 ± 0.82 93.26 - 

L3+RF+E 60.75 ± 1.16 53.98 ± 3.39 88.86 +83.24 

L3+RF-E 25.25 ± 0.24 20.44 ± 1.32 81.42 -23.85 

L3-RF+E 66.75 ± 0.08 54.35 ± 4.33 80.95 +101.35 

L3-RF-E 

(control) 
33.15 ± 1.64 22.34 ± 3.56 67.39 

- 
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4.3.2.3.1 Specific methane yield 

The SMY curves for each lot of paunch contents are shown in Figure 4.7. For the two-

step treated L1 samples, the SMY on day 50 reached 209.52 L CH4/kg VS added, with 

192.88 L CH4/kg VS added of this produced by day 17. For the L1 samples just treated 

with secretome, the SMY on day 50 reached 147.99 L CH4/kg VS added, with 141.78 L 

CH4/kg VS added of this produced by day 17. The L1 samples just treated with rumen 

fluid had a SMY on day 50 of 100.78 L CH4/kg VS added, with 87.70 L CH4/kg VS added 

of this produced by day 17. The untreated L1 samples had a SMY on day 50 of 102.36 L 

CH4/kg VS added, with 93.53 L CH4/kg VS added of this produced by day 17.  

For the two-step treated L2 samples, the SMY on day 50 reached 174.54 L CH4/kg VS 

added, with 166.17 L CH4/kg VS added of this produced by day 17. For the L2 samples 

just treated with secretome, the SMY on day 50 reached 148.66 L CH4/kg VS added, with 

139.97 L CH4/kg VS added of this produced by day 17. The L2 samples just treated with 

rumen fluid had a SMY on day 50 of 89.83 L CH4/kg VS added, with 83.96 L CH4/kg 

VS added of this produced by day 17.  

The two-step treated L1 and L2 samples had a significantly higher SMYs on day 50 than 

all other samples (p<0.05). The samples just treated with secretome had significantly 

higher SMYs on day 50 than the untreated samples or the samples just treated with rumen 

fluid (p<0.05). There was no significant difference between the SMY on day 50 for the 

untreated samples or the samples just treated with rumen fluid (p<0.05). 

For the two-step treated L3 samples, the SMY on day 50 reached 60.75 L CH4/kg VS 

added, with 53.98 L CH4/kg VS added of this produced by day 17. For the L3 samples 

just treated with secretome, the SMY on day 50 reached 66.75 L CH4/kg VS added, with 

54.35 L CH4/kg VS added of this produced by day 17. The L3 samples just treated with 

rumen fluid had a SMY on day 50 of 25.25 L CH4/kg VS added, with 20.44 L CH4/kg 

VS added of this produced by day 17. The untreated L3 samples had a SMY on day 50 of 

33.15 L CH4/kg VS added, with 22.34 L CH4/kg VS added of this produced by day 17. 

The samples just treated with secretome had a significantly higher SMY on day 50 than 

all other samples (p<0.05). The two-step treated samples had significantly higher SMYs 

on day 50 than the untreated samples or the samples just treated with rumen fluid 
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(p<0.05). There was no significant difference between the SMY on day 50 for the 

untreated samples or the samples just treated with rumen fluid (p<0.05). 

Overall, between the three lots, the two-step treated L1 samples had the highest SMY by 

day 50, with 209.52 L CH4/kg VS added produced, followed by the two-step treated L2 

samples, with a SMY of 174.54 L CH4/kg VS added produced. The lowest SMY was 

produced by L3 samples just treated with rumen fluid, at 25.25 L CH4/kg VS added after 

50 days. For L1 and L2, the two-step pre-treatment including both rumen fluid and the T. 

stollii SFI-F17 secretome significantly increased the biomethane potential when 

compared to just rumen fluid or just secretome treatment (Figure 4.7; Table 4.7).  

 

 

Figure 4.7: SMY over a 50-day BMP test for (A) L1 paunch contents, (B) L2 paunch contents and (C) L3 

paunch contents. +RF= rumen fluid pre-treated; -RF=not rumen fluid pre-treated; +E= pre-treated with T. 

stollii SFI-F17 secretome; -E= not pre-treated with T. stollii SFI-F17 secretome. Error bars represent 

standard deviation between replicates.  Note: The three graphs are not on the same scale. 
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Interestingly, while the samples treated with just secretome increased the biomethane 

potential of the paunch contents significantly, samples treated with just rumen fluid had 

almost identical SMYs to the untreated paunch contents. However, the samples that 

received the two-step treatment for L1 and L2 had greater SMYs than the samples that 

received just secretome treatment. This indicated synergy between the rumen fluid and 

secretome treatment steps in hydrolysing L1 and L2, as the sum of the SMYs of just 

secretome and just rumen fluid treated samples did not equal the SMYs of the two-step 

treated samples within each lot.  

While the synergy was not evident in TCH released, there was likely to be other proteins 

present in the T. stollii SFI-F17 secretome that played a role in reducing the recalcitrance 

of the lignocellulose, for which the rumen fluid treatment of the paunch contents 

improved access. For example, a protein family produced by bacteria and fungi called 

expansin-like proteins act to loosen, expand or otherwise disrupt the plant cell wall 

lignocellulose matrix (Pech-Cervantes et al. 2019), and genes encoding these proteins 

have been found in the genome of T. stollii SFI-F17 (see Chapter 5). Furthermore, T. 

stollii SFI-F17 comes from an extreme environment (the deep-sea), and as a result may 

produce particularly robust proteins when compared to its terrestrial counterparts, such 

as those with a wide range of pH and temperature stability (see Chapter 3; Dowd and 

Tuohy, 2023). However, further research on the secretome of T. stollii SFI-F17 would be 

needed to confirm the expression and contribution of such proteins.  

The exception to this synergy was L3, where there was no synergy between the rumen 

fluid and secretome treatments in biomethane production (Figure 4.8). A possible 

explanation for this was the highly lignified nature of L3 (Table 4.4), making it more 

recalcitrant than L1 and L2, and therefore less degradable by the rumen fluid microbes. 

While 14.28% of the lignin present in L3 was degraded during the rumen fluid treatment 

(Table 4.3), it may not have been enough to improve access of the T. stollii SFI-F17 

secretome proteins to the lignocellulose matrix, therefore not allowing for synergistic 

action of the secretome and rumen fluid treatments in this case. However, this also 

showed that the T. stollii SFI-F17 secretome was highly effective at improving the 

biomethane potential of a highly lignified substrate, and therefore may be useful in 



 

148 

 

 

degrading other highly lignified wastes, such as wood mill waste (Karimipour-Fard et al. 

2024). 

Only three studies have previously focused exclusively on the pre-treatment of cattle 

paunch contents to increase biomethane production. These include thermal and alkaline 

(NaOH and KOH) pre-treatments prior to AD (Nkemka et al. 2015; Bai et al. 2023; 2025). 

Nkemka et al. (2015) reported that pre-treating cattle paunch contents in 6% (w/v) NaOH 

at 70 °C and 100 °C for 24 h increased the rate of biomethane production using a CSTR 

by 32% in the first 12.4 days of the digestion, but didn't significantly increase the overall 

biomethane production (299 L CH4/kg VS produced by the untreated paunch contents vs. 

318 L CH4/kg VS produced by the treated paunch contents). Bai et al. (2023) reported 

alkaline pre-treatments of cattle paunch contents using either KOH or NaOH. Pre-treating 

the paunch contents with 5 g of NaOH per 100 g paunch TS for 24 h at 20 °C increased 

the BMP using batch reactors from 336 ± 7 L CH4/kg VS to 442 ± 7 L CH4/kg VS, a 

31.5% increase. Pre-treating the paunch contents with 20 g KOH per 100 g paunch TS 

for 24 h at 20 °C increased the BMP from 336 ± 7 L CH4/kg VS to 526 ± 8 L CH4/kg 

VS, a 56.5% increase. More recently, Bai et al. (2025) reported a pre-treatment of paunch 

contents with 12% KOH for 24 h at 22 °C, followed by a CSTR reaction, continuously 

fed over 120 days. Pre-treated paunch contents were also taken from the CSTR on days 

34, 62 and 100 of the reaction to carry out batch BMP tests. During the batch BMP tests, 

the biomethane production increased by between 20 and 108% when compared to 

untreated controls. For these batch BMP tests, the maximum increase was reported from 

digesting the 34 day samples, with an increase from 151 ± 10 L CH4/kg VS to 314 ± 6 L 

CH4/kg VS. Meanwhile, after 50–60 days of the CSTR reaction, the biomethane 

production of 12% KOH pre-treated paunch contents increased to up to 150% when 

compared to the untreated controls. 

Overall, when compared to the thermal and alkaline treatments reported previously, the 

two-step biological pre-treatment reported here showed a higher average biomethane 

production from pre-treating cattle paunch contents in a batch reaction to-date. While the 

KOH treatment of Bai et al. (2025) achieved a 20–108% increase in BMP using BMP 

batch tests, the two-step pre-treatment reported in this study increased it with much less 

variation between lots (83.24–104.84%). Here, a more than two-fold increase was 



 

149 

 

 

achieved for the BMP of L1 and L2, while it increased by 83.24% for L3. The BMP of 

L3 samples treated with just secretome also increased more than two-fold, while for L1 

and L2 it was increased by 44.58% and 74.47%, respectively. Importantly, as this 

biological pre-treatment was not optimised, its full potential to hydrolyse paunch contents 

may not yet be realised, making the pre-treatment very attractive for further development 

and optimisation. 

4.3.2.3.2 Daily biomethane production and production rates 

In terms of daily biomethane production, there was a distinct pattern for all treatment 

conditions regardless of the substrate (Figure 4.8). For the two-step treatment, there was 

an initial methane production peak on days 2-4, followed by a second larger peak on days 

12-17. This indicated that there was easily degradable substrate components available in 

these samples, which were rapidly converted into biomethane in the first days of the 

biomethane potential test, and continued to be converted into methane between days 2-

17. For samples treated with just the T. stollii SFI-F17 secretome, there was a similar two-

peak pattern of daily biomethane production. However, the initial peak of production on 

days 2-4 was much lower than that seen in the samples given the two-step treatment, 

while the second peak was similar to that seen in the two-step treatment, peaking on days 

12-17. This indicated that there was less readily degradable substrate in the secretome-

treated samples compared to the two-step treated samples. For rumen fluid treated and 

untreated L1 and L2 samples, there was just one peak of biomethane production on days 

4-7. This indicated that the readily degradable fraction of the samples were utilised by the 

microbial sludge within the first 10 days of the digestion, with the recalcitrance of the 

paunch contents preventing further utilisation and subsequent methane production for the 

rest of the digestion period. For rumen fluid treated and untreated L3, there were three 

distinct but small methane production peaks that occurred on days 2, 7 and 17. Overall, 

the increased ability of the microbial sludge to convert L1, L2 and L3 treated with the 

two-step or just secretome treatment into biomethane suggested an increase in more easily 

degradable components of the substrates. 

 

In terms of the biomethane production rates, L1 and L2 treated with the two-step 

treatment or just secretome had higher rates for the first four and two days of the digestion 
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than the just rumen fluid treated or untreated samples, respectively. After this, the 

biomethane production rates were higher for the just rumen fluid-treated and untreated 

samples up until day 14. By day 17, there was no significant difference in the biomethane 

production rates for treated and untreated L1 and L2 paunch contents. L1 and L2 samples 

had all reached 91.56 ± 3.60% and 94.02 ± 0.88% of their maximum SMYs by day 17, 

respectively. As the usual hydraulic retention time of a substrate in a continuously fed 

bioreactor in industry is ~20 days (Ware and Power, 2016), this difference in biomethane 

production rate between treated and untreated L1 and L2 is of little consequence, as >90% 

of the SMY was reached by day 17 of the digestion in this study. The overall biomethane 

production rate was increased only when L3 was used as substrate. By day 17 of the 

biomethane potential test, the two-step treated, just rumen fluid treated and just secretome 

treated L3 samples had reached 88.86%, 80.95% and 81.42% of their maximum SMYs, 

while the untreated samples had reached only 67.39%.  

 

Figure 4.8: Daily biomethane production for (A) L1, (B) L2 and (C) L3 paunch contents. +RF= rumen 

fluid pre-treated; -RF=not rumen fluid pre-treated; +E= pre-treated with T. stollii SFI-F17 secretome; -E= 

not pre-treated with T. stollii SFI-F17 secretome.  Error bars represent standard deviation between replicate 

measurements. 
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4.3.3 Preliminary economic assessment and future perspectives 

Here, the potential economic benefit of using the two-step treated paunch contents was 

assessed on a preliminary basis, using a slaughterhouse in Ireland that processes ~182,000 

head of cattle annually as a case study (Table 4.8). Overall, it can be seen that annually, 

if the two-step treated paunch contents were digested for biomethane production with a 

hydraulic retention time of 17 days (>88% SMY reached), energy savings of between 

€110,000-€294,000 could be made for this slaughterhouse, depending on which fuel type 

it replaces (electricity, heavy fuel oil (HFO) or diesel). This accounts for 6.6% of the 

energy use in 2023 of the slaughterhouse, including the additional energy demand for a 

digester. However, as the energy cost of the transport off-site for paunch waste was not 

available at the time of writing, it was not possible to include this as a potential cost 

reduction in the case of digesting the paunch contents for biomethane production. 

Furthermore, other factors not considered here would also affect the financial benefit of 

digesting pre-treated paunch contents, such as labour costs. 

In relation to the alkaline pre-treatment carried out by Bai et al. (2023), the economic 

benefit of pre-treating cattle paunch contents was AU$344 per DM tonne, equivalent to 

€211 per DM tonne, while in this study, the average economic benefit was reported as an 

average of €231 per DM tonne (Table 4.8). However, it was not possible to make a direct 

comparison between the economic benefits of the pre-treatment carried out by Bai et al. 

(2023) and the pre-treatment reported in this study. This was for a number of reasons. In 

the study of Bai et al. (2023), economic savings were reported relative to the costs of 

transport and disposal methods, while here they were reported relative to the total energy 

costs of the slaughterhouse. Furthermore, even though the increase in biomethane 

potential relative to the control was higher in this study than in the study by Bai et al. 

(2023), the biomethane production values from their paunch contents digestion in general 

was higher, demonstrating the heterogeneity of paunch contents as a waste. For example, 

the untreated control in the Bai et al. (2023) study had a production of 336 L CH4/kg VS 

added, while in this study the untreated controls had a production of 22-94 L CH4/kg VS 

added. One reason for this may be differences in feed given to cattle in Australia, therefore 

making the paunch contents digestibility different to those reported in Ireland and Europe. 

For instance, in Queensland, where the paunch contents were sourced in the Bai et al. 
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(2023) study, the dominant grassland types are Heteropogon contortus (Black speargrass) 

and Dichanthium sericeum (Queensland bluegrass) (Atlas of Living Australia, 2024). In 

particular, the cellulose content in the paunch contents used by Bai et al. (2023) was 

significantly higher than in the contents reported here, while the lignin content was lower, 

making the paunch contents used in this study more recalcitrant. 

Table 4.8: Preliminary assessment of potential energy benefit from paunch contents to 

a case study slaughterhouse using the current unoptimised two-step pre-treatment. 

Average biomethane produced for L1, L2 and L3 after 17 days hydraulic retention time 

(>88% SMY reached): 

(192.88 + 166.17 + 53.98) / 3 = 137.68 L CH4/kg VS added 

 

Average paunch contents produced annually in case study slaughterhouse: 

The case-study slaughterhouse processes 700 head of cattle per day (Anglo Beef Processors 

Clones Annual Environmental Report, 2023). The average dry-matter content of paunch 

contents per cow is 4.68 kg, with 92.9% VS content (Dowd et al. 2022). 

 

4.68 kg x 92.9% VS = 4.35 kg paunch contents VS 

700 cattle x 4.35 kg = 3,045 kg paunch contents produced per day  

700 head cattle x 260 working days = ~182,000 cattle slaughtered per year 

4.35 kg x 182,000 cattle = 791,700 kg or 791.7 tonnes of paunch contents VS produced 

per year 

 

Potential biomethane production from AD of two-step treated paunch contents: 

3,045 kg x 137.68 L CH4/kg VS added = 419,235.6 L potential CH4 produced per day. 

137.68 L CH4/kg VS added x 791,700 kg VS paunch contents = 109,001,256 L of potential 

CH4 produced per year 

2.4% fugitive emissions from digester (Schutz and Fredenslund, 2019): 97.8% x 109,001,256 

L CH4 = 106,385,225.86 L or 106,385.23 m3 potential CH4 produced each year from paunch 

contents 

Biomethane lower heating value = 36 MJ/m3 (International Energy Agency, 2020) 

106,385.23 x 36 = 3829868.28 MJ  

3829868.28  MJ x 0.000277778 = 1063.85 MWh potential energy per year from pre-

treated paunch contents. 

Total energy usage by case study slaughterhouse in 2023:  

58,092 GJ (Anglo Beef Processors Clones Annual Environmental Report, 2023). 

58,092 GJ x 0.277778 = 16,136.68 MWh energy used in 2023 
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If digester was used onsite: 

10 kWh/tonne slurry digested for biodigester (Murphy and Power, 2009): 10 kWh x 3.045 = 

30.45 kWh energy to power digester. 

16,136.68 + 0.03 MWh = 16,136.71 MWh energy used in 2023 

Energy and financial savings in 2023 if unoptimised two-step treated paunch contents were 

used to power the case-study slaughterhouse: 

1063.85/16,136.71 x 100 = 6.6% of the total energy needs of the slaughter facility 

Energy as electricity used:  

30,259 GJ or 8,405,277.8 kWh, at 27.6c per kWh including VAT (Sustainable Energy 

Authority of Ireland (SEAI), 2024). 

8,405,277.8 kWh x 27.6c = ~€2,319,856.67 spent on electricity in 2023. 

1,063,850 kWh x 27.6c = ~€293,622.60 saved in 2023 if biomethane was used to replace 

electricity.  

Value of biomethane from paunch per DM tonne if used to replace electricity: 

293,622.60/791.7 tonnes = ~€370.88 per DM tonne 

Energy as HFO used:  

23,762 GJ, with an energy content of 39.09 MJ/L  and cost of €1.13/L (SEAI, 2024). 

23,762,000/39.09 = 607,879.25 L HFO used in 2023. 

607,879.25 x €1.13 = ~€686,903.55 spent on HFO in 2023 

3,829,868.28  MJ/39.09 MJ = equivalent to 97,975.65 L HFO 

97,975.65 x €1.13 = ~€110,712.48 saved in 2023 if biomethane was used to replace HFO.  

Value of biomethane from paunch per DM tonne if used to replace HFO: 110,712.48/791.7 

tonnes = ~€139.84 per DM tonne. 

Energy as Diesel used:  

4,071 GJ, with an energy content of 36.61 MJ/L and a cost of €1.38/L (SEAI, 2024).  

4,071,000/36.61 = 111,199.13 L diesel used in 2023 

111,199.13 x €1.38 = ~€153,454.80 spent on diesel in 2023 

3,829,868.28  MJ/36.61 MJ = equivalent to 104,612.627 L diesel 

104,612.627 x €1.38 = ~€144,365.43 saved in 2023 if biomethane was used to replace 

diesel. 

Value of biomethane from paunch if used to replace diesel: 144,365.43/791.7 tonnes = 

~€182.35 per DM tonne. 

Average savings per DM tonne of paunch contents: 

(370.88+139.84+182.35)/3 = €231.02  

 

Overall, this study showed that using a two-step biological pre-treatment strategy with 

rumen fluid and the T. stollii SFI-F17 secretome for paunch contents can improve their 

biomethane potential, thereby making them a suitable AD feedstock. However, this study 



 

154 

 

 

was an initial insight into determining if this biological pre-treatment would have an effect 

on biomethane production, and therefore was unoptimised. Further studies should 

investigate the effect of changing experimental parameters on the biomethane production, 

such as rumen fluid to paunch contents ratio, secretome to paunch contents ratio, the 

duration of pre-treatment steps, reversing the pre-treatment steps, and determining 

whether the secretome and rumen fluid steps could be combined into one step. As well as 

this, the addition of a detoxification step in between the rumen fluid and secretome steps 

to remove protein-inhibiting compounds should be considered to achieve optimal 

hydrolysis rates.  

Furthermore, if the optimised pre-treatment is shown to function at a larger scale, a 

simplified process at the slaughterhouse site could be developed, where paunch could be 

anaerobically digested on-site immediately after paunch emptying, without the need to 

dewater them. Allowing the rumen fluid microbes to continue breaking down the paunch 

contents for a short period, adding a detoxification step, followed by the addition of the 

T. stollii SFI-F17 secretome and subsequent full-scale digestion could provide a viable 

solution to two slaughterhouse issues: the energy cost of dewatering and the cost of off-

site transport to AD facilities. Additionally, as it has been shown that co-digestion of 

paunch contents with other slaughterhouse wastes can produce biomethane 

synergistically, and could provide all of a case study slaughterhouse’s energy needs 

(Browne et al. 2013; Ware and power, 2016), determining the effect of co-digesting pre-

treated paunch contents on biomethane potential appears to be a logical step in the future. 

An added benefit would be the self-supply of energy from the methane produced, further 

reducing slaughterhouse costs as well as their environmental impact.  

4.4 Conclusion 

This study has shown that the biological, environmentally benign pre-treatment of paunch 

contents using the fungal T. stollii SFI-F17 secretome and/or rumen fluid significantly 

improved the biodegradability and the BMP of this recalcitrant energy-rich waste. The 

two-step pre-treatment of three compositionally different paunch contents increased their 

BMP by 104.68%, 104.84% and 83.24% respectively, compared to the controls. When 

pre-treated with only the T. stollii SFI-F17 secretome, the biodegradability of the paunch 

contents was increased through carbohydrate hydrolysis, and the BMP increased by 
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44.58%, 74.47% and 101.35% compared to the untreated controls. The two-step treatment 

increased the proportion of biomethane in the biogas produced when compared to the just 

secretome treatment, indicating an increase in methanogenesis when T. stollii SFI-F17 

secretome was combined with rumen fluid compared to the just secretome treatment. A 

preliminary economic analysis also revealed that an average of €231 per DM tonne of 

paunch contents could be saved by a case study slaughterhouse if the unoptimised two-

step-treated paunch contents were digested for biomethane. As this experiment was an 

initial study into the effectiveness of the pre-treatment, further improvements could be 

made to the pre-treatment by altering experimental parameters, such as pre-treatment 

length, and the addition of a detoxification step to reduce hydrolysing protein-inhibitors. 

Co-digestion of pre-treated paunch contents with other slaughterhouse wastes should also 

be explored in the future. This pre-treatment, once further developed, could reduce 

slaughterhouse waste output and simultaneously increase their energy self-sustainability. 
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Chapter 5: Genomic Characterisation of the Lignocellulolytic 

Deep-Sea Fungus Talaromyces stollii SFI-F17 CAZy Repertoire  

Abstract 

Species of Talaromyces stollii are lignocellulolytic fungi and have been found in mostly 

terrestrial environments. They produce many lignocellulolytic activities including β-

xylanase, β-xylosidase, β-glucanase, β-glucosidase, β-cellobiosidase, β-galactosidase, α-

arabinofuranosidase, β-mannanase, α-rhamnosidase, α-fucosidase and feruloyl esterase 

and are excellent candidates for biotechnological applications such as treatment of 

lignocellulose wastes, like agri-wastes. However, while terrestrial species perform 

efficiently as lignocellulose-degrading enzyme producers, the investigation of 

microorganisms from extreme environments is important for gene and protein discovery 

because in adapting to their inhospitable conditions they may produce more robust 

proteins than their terrestrial counterparts, for example, cold-active or halotolerant 

proteins, or those active over a wide range of pHs. This study reports on the first T. stollii 

strain isolated from a marine or extreme environment, T. stollii SFI-F17. Whole genome 

sequencing is an invaluable tool to gain insight into the full repertoire of proteins 

potentially produced by an organism, also allowing for identification of potential genetic 

adaptations made in response to environmental conditions. While the whole genomes of 

two terrestrial T. stollii strains have been sequenced, with strain CLY-6 being annotated, 

no T. stollii genome from a marine or extreme environment has been sequenced or 

annotated to-date. In this study, 11,458 genes from the deep-sea T. stollii SFI-F17 genome 

were annotated. Of these, 605 genes encoded carbohydrate-active enzymes (CAZymes) 

and associated proteins. Of these, 366 were GHs, 115 were GTs, 7 were PLs, 28 were 

CEs, 78 were AAs and 84 contained CBM domains, with eleven of the CBMs being 

independent proteins. Potential adaptations by T. stollii SFI-F17 to its deep-sea 

environment include changes in protein N- and O-linked glycosylation, more CBM 

domain-containing proteins, and more chitin and hyaluronate synthase genes to improve 

protein and cell wall stability when compared to the similar terrestrial T. stollii CLY-6. 

To the best of the authors’ knowledge, this is the first time a whole genome from the 

genus Talaromyces, derived from either an extreme or marine environment, has been 

sequenced and its CAZy repertoire annotated. 
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5.1 Introduction 

DNA sequencing has greatly improved our ability to investigate the genes encoded in 

living organisms. For example, through DNA sequencing, we have discovered novel 

genes (Baschal et al. 2020; Zhao et al. 2022; Leber et al. 2024), mutations in genes that 

may increase the risk of getting certain cancers (Ratner et al. 2010; Sporikova et al. 2018), 

and genes involved in fungal plant pathogenesis (Möller and Stukenbrock, 2017). Even 

though DNA sequencing has been carried out since the 1970s (Sanger et al. 1977), it only 

became a relatively affordable and rapid technology in the late 1990s, with the 

introduction of next generation sequencing (NGS) (Mostafa et al. 1996). Due to the huge 

increase in sequencing accessibility brought on by NGS, for instance the short- and long-

read sequencing approaches taken by Illumina and Oxford Nanopore Technologies (Hu 

et al. 2021), the number of whole genomes being sequenced is increasing exponentially 

each year. For example, in 2015, there were just 2,379 eukaryotic genomes listed on 

NCBI’s GenBank, while in 2020, this jumped to 14,802, and by April 2025, this number 

had increased to 50,450.  In terms of fungi, 21,208 genome sequences were listed on 

NCBI GenBank in April 2025, with 5,039 of these listed as reference genomes.  

 

Of the fungal genomes listed on NCBI GenBank, 97 were of the Talaromyces genus, with 

24 of these being reference genomes. The Talaromyces genus is in the Eurotiales order. 

Including Talaromyces, this order contains many fungal genera of industrial and medical 

importance, such as Aspergillus, Penicillium and Rasamsonia. Talaromyces species have 

been reported to be excellent producers of many enzymatic activities and biological 

compounds relevant for the food and textile industries, for medical applications, for 

biocontrol, and for biomass degradation and biofuel production (Varriale et al. 2018; 

Houbraken et al. 2020; Isbrandt et al. 2020; Prieto et al. 2021; Xiaobei et al. 2022; Ruiz-

Sánchez et al. 2023; Yang et al. 2023; Zhang et al. 2024).  

 

A subset of the Talaromyces genus are species derived from deep-sea habitats, which 

represent an extreme environment. The deep-sea is defined as the water and sea floor that 

is ≥200 m below sea level (Armstrong et al. 2012). The deep-sea is an extreme 

environment because of the low temperatures, salinity, high hydrostatic pressure, low 

light, low nutrient and low oxygen availability. Porcupine Bank in the North-East Atlantic 
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is a deep-sea environment. The deep-sea fungi described in this thesis, including T. stollii 

SFI-F17, were isolated from deep-sea sediments in Porcupine Bank (Figure 5.1; Table 

5.1). 

 

Figure 5.1: Map of sites where sediments and benthic animals were sampled using the Remotely Operated 

Vehicle Holland I on the Celtic Explorer Research Vessel during the SFI-funded CE18012 cruise in 2018. 

Sediment samples were taken at locations 1-20 along the deep edges of Porcupine Bank. T. stollii SFI-F17 

was sampled at point 7. Image reproduced from Marchese et al. 2021. Creative Commons License:  

https://creativecommons.org/licenses/by-nc-nd/4.0/. 

Microorganisms that can survive such conditions have been shown to produce proteins 

of a more robust nature than their terrestrial counterparts, due to their inhospitable natural 

environment, making them of particular interest for industrial and medical applications 

(Nagano and Nagahama, 2012; Rédou et al. 2015; Coleine et al. 2022; Leo et al. 2024). 

For example, to-date, alkaliphilic and halophilic enzymes, cold-active enzymes, and other 

novel bioactive compounds with medicinal relevance e.g., alkaloids have been 

discovered. These include lignocellulose-degrading enzymes from deep-sea fungi that are 

alkali-, acid- halo- and cold-tolerant (Lu et al. 2001; Batista-Garcia et al. 2017; Chen et 

al. 2018; Damare et al. 2020; Dowd and Tuohy, 2023; Wu et al. 2024). Structurally, 

enzymes from the deep-sea may have less hydrogen bonds and salt bridges, less proline 
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and arginine residues, more glycine residues, more hydrophobic residues exposed on the 

surface and less in the protein core, and more and bigger loops when compared to proteins 

from non-extreme environments. This allows them to be more flexible, but less stable- a 

potential trade-off in extreme conditions (Van Petegem et al. 2003; Zheng et al. 2016; 

Duarte et al. 2017). However, structural differences between deep-sea enzymes and their 

homologues from non-extreme environments are not always present (Ohmae et al. 2013). 

For example, a deep-sea iron superoxide dismutase was found to have no relevant 

structural differences when compared to a non-extreme homologous iron superoxide 

dismutase, but it did show more plasticity in its active site. This supported the hypothesis 

that some enzymes adapted to be active at low temperatures carry out efficient catalysis 

by increasing the catalytic residue flexibility (Merlino et al. 2010). 

Table 5.1: Location of and physicochemical conditions in the Porcupine Bank, North-

East Atlantic Ocean, where T. stollii SFI-F17 was isolated. 

Parameter Value Source 

Latitude 54˚13’20.1”N Marchese et al. 2021 

Longitude 11˚53’40.6”W Marchese et al. 2021 

Depth 1,775 m Marchese et al. 2021 

Sunlight  None Deguchi et al. 2023 

Temperature  3.7 °C Marchese et al. 2021 

Hydrostatic pressure  
17.75 MPa (Increase in 0.1 

MPa per 10 m depth) 
Deguchi et al. 2023 

Salinity  3.5% Marchese et al. 2021 

Dissolved oxygen 240-300 mmol/m3 
Kolodziejczyk et al. 2024; 

Ruhl et al. 2025 

 

To the best of the authors’ knowledge, fungal strains representing sixteen different species 

of Talaromyces have been isolated from the deep-sea to-date. These include strains of T. 

stollii (Dowd and Tuohy, 2023), T. amestolkiae (Wu J. et al. 2024) , T. sedimenticola 

(Zhou et al. 2024), T. aculeatus (Zhang et al. 2017), T. muroii (Ding et al. 2023), T. helices 

(Cong et al. 2022), T. scorteus (Wang et al. 2024), T. funiculosus (Wang et al. 2023) , T. 

minioluteus (Song et al. 2022; Yang et al. 2023; Zhang et al. 2024), T. indigoticus (Liu et 
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al. 2023), Talaromyces sp. 1 (Salcedo et al. 2023), Talaromyces sp. 2 (Velez et al. 2025), 

Talaromyces sp. CS-258 (Wu Z. et al. 2024), Talaromyces sp. SY2250 (Liu et al. 2024),  

Talaromyces sp. gb505 (Tian et al. 2025), and Talaromyces sp. DSF149 (GenBank 

GCA_046115495.1). Of these, T. helices, T. scorteus, T. funiculosus, Talaromyces sp. 

CS-258, T. minioluteus, T. indigoticus, T. amestolkiae, Talaromyces sp. gb505 and 

Talaromyces sp. SY2250 have been investigated for their production of novel medicinally 

relevant bioactive compounds, such as antibacterial polyketides, phenylhydrazone 

alkaloids and cytotoxic meroterpenoids. 

 

However, despite its biotechnological importance, almost no attention has been given to 

the abilities of marine or deep-sea Talaromyces species to produce lignocellulose-

degrading enzymes or the relevant non-enzymatic associated proteins involved in 

lignocellulose degradation. This is despite a significant body of research showing that 

terrestrial Talaromyces sp. produce an array of lignocellulosic enzymes with the potential 

to be applied commercially (Tuohy et al. 1993; Waters et al. 2010, 2011; Orencio-Trejo 

et al. 2016; Méndez-Líter et al. 2021 & 2023; de Eugenio et al. 2023; Cao-Xuan et al. 

2024).  

It is possible that deep-sea fungi secrete lignocellulolytic enzymes because biomass that 

has sunken to the sea floor is the primary food source for deep-sea organisms, for 

example, phytoplankton detritus, lignocellulosic wood and other plant detritus (Arndt et 

al. 2013; Bienhold et al. 2013; Moura Quierós et al. 2019; Bravo et al. 2024). For instance, 

dead trees and plants enter from the land into rivers and subsequently oceans from 

seasonal run-off, individual or mass tree mortality, hillslope instability, and from the 

building of beaver dams (Wohl, 2017). Furthermore, ice-rafted detritus from the British 

and Irish Ice Sheet, as well as from Greenland and North American ice sheets, can end 

up on the seafloor in the Atlantic Ocean. Ice-rafted detritus in the deep-sea is terrigenous 

material, such as leaves or wood, transported in an iceberg from a marine-terminating 

glacier that is deposited in deep-sea sediments as the iceberg melts (de Mol et al. 2002; 

Wheeler et al. 2014; Dipper, 2022; O’ Reilly et al. 2022) . By the time the biomass has 

sunken to the bottom of the ocean, it has usually been further degraded through the pelagic 

food web by microbes, zooplankton and nekton. These organisms consume the more 

easily degradable parts of the biomass, such as starch and protein, leaving the more 
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recalcitrant fractions of the biomass to sink to the sea floor, such as cellulose, 

hemicellulose, lignin, chitin, other phenolic polymers and uncharacterised recalcitrant 

organic matter (humic substances). The resulting composition of detrital organic matter 

in deep-sea sediments is generally 10-20% carbohydrates, 10% nitrogenous compounds 

and 5-15% lipids, with the remaining fraction being composed of humic substances 

(Boetius and Lochte, 1994; Arndt et al. 2013).  

 

Lignocellulose is one of the most abundant yet underutilised sources of sustainable energy 

on the planet (Ravindran & Jaiswal, 2016). Lignocellulosic wastes are of particular 

interest for bioenergy production, as they are abundant and do not compete with food 

supplies, meaning they do not contribute to the ‘food versus fuel’ debate (International 

Food Policy Research Institute, 2023). Such wastes include those from agricultural, food 

processing, pulp and paper and forestry industries (Haile et al. 2021; Dowd et al. 2022; 

Karimipour-Fard et al. 2024). One of the major bottlenecks to utilising these wastes is 

their recalcitrance. A way to address this bottleneck is through biological pre-treatment 

of such wastes, such as through treatment with novel enzyme cocktails from fungi 

(Poddar et al. 2020).  

 

To-date, strains of T. stollii from any environment have not been characterised in-depth, 

despite their identification as producers of lignocellulose-degrading enzymes (Orencio-

Trejo et al. 2017; Cheng et al. 2022; Dowd et al. 2023). In the authors’ earlier work 

(Chapter 3), T. stollii SFI-F17 was investigated for its ability to produce lignocellulose-

degrading enzymes, in comparison with other deep-sea and terrestrial fungi (Marchese et 

al. 2021; Dowd & Tuohy, 2023). This study showed the exceptional ability of T. stollii 

SFI-F17 to secrete endo- and exo-glycoside hydrolases, required for lignocellulose 

degradation, when induced on a wheat bran-containing medium.  

 

Whole genome sequencing would further enhance our ability to identify and quantify 

potentially novel adaptations in genes in the T. stollii SFI-F17 genome that may encode 

proteins involved in lignocellulose degradation, and to compare the gene repertoire with 

terrestrial T. stollii and other closely related Talaromyces sp. genomes. To-date, there 

have only been two T. stollii genomes fully sequenced (T. stollii CLY-6 in 2023 and T. 

stollii P8401 in 2024); (NCBI GenBank). However, these were not isolated from either 
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extreme or marine environments (CLY-6 was isolated from the root vegetable Dioscorea 

zingiberensis, and P8401 was isolated from human feces). The present study therefore 

aimed to analyse the whole genome sequence of T. stollii SFI-F17, to characterise the 

CAZy repertoire encoded in its genome, and to determine potential adaptations made to 

its deep-sea environment by comparing its genes to those present in other Talaromyces 

species and related fungi. Lignocellulolytic enzymes were described in detail, to gain a 

better understanding of the lignocellulose-degrading capabilities of T. stollii SFI-F17, and 

to guide future lignocellulose degradation and proteomics experiments. To the best of the 

authors’ knowledge, this is the first time a whole genome from the genus Talaromyces, 

derived from either an extreme or marine environment, has been sequenced and its CAZy 

repertoire annotated.  

 

5.2 Materials and Methods 

 

5.2.1 Isolate used and its cultivation 

T. stollii strain SFI-F17 (GenBank accession code MT535842) was isolated from the deep 

sea as per Marchese et al. (2021). T. stollii SFI-F17 was cultivated in a liquid medium as 

per Dowd & Tuohy (2023). For enzyme production, 1 L and 2 L flasks supplemented 

with 2% (w/v) wheat bran (Odlums, Portlaoise, Ireland), 0.5% (w/v) mycological peptone 

(Neogen, Lansing, MI, USA, product #NCM0258), 3% (w/v) marine salts (Sigma, St. 

Louis, MO, USA, product #G8270) and 1% (v/v) DMSO (Sigma, St. Louis, MO, USA, 

product #5.89569) were used to cultivate larger volumes of the T. stollii culture for 

secretome and harvesting of mycelium. Total liquid medium volumes in the 1 L and 2 L 

flasks were 400 mL and 800 mL, and the flasks were incubated at 180 RPM in an Innova 

44 Incubator Shaker (New Brunswick Scientific, Edison, NJ, USA).  

5.2.2 DNA isolation 

Mycelium recovered by centrifugation from the 2% (w/v) glucose cultures (see Section 

5.2.1) were used to extract genomic DNA. To isolate the DNA, mycelial pellets were 

ground in liquid nitrogen using a sterilised mortar and pestle. Immediately after grinding, 

the pellets were transferred to 2 mL tubes containing 300 µl of PowerBead solution and 

50 µl of Solution SL from the DNeasy® UltraClean® Microbial Kit (Qiagen Ltd. 
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Manchester, United Kingdom), and vortexed for 2 seconds. The protocol detailed in pages 

10-11 of the DNeasy® UltraClean® Microbial Kit Handbook (Qiagen Ltd. Manchester, 

United Kingdom) was followed from steps 7 to 17. The quantity and purity of the DNA 

was measured using a NanoDrop1000 (Thermo Fisher Scientific, Rath Business Park, 

Hollywoodrath, Dublin). The DNA quality was checked by gel electrophoresis in an 0.8% 

(w/v) agarose gel with reference to a GeneRuler High Range DNA Ladder (Thermo 

Fisher Scientific, Rath Business Park, Hollywoodrath, Dublin), as per the Genomic DNA 

Sample QC Standard Operating Procedure (Joint Genome Institute, 2014).  

 

5.2.3 Genome de novo assembly and draft annotation 

 

T. stollii strain SFI-F17 genome sequencing was carried out by LGC Genomics GmbH, 

Berlin, Germany. The DNA processing steps were as follows: DNA was fragmented 

using the Allegro® Targeted Genotyping kit (Tecan Group Ltd. Männedorf, Switzerland). 

An indexed Illumina library was prepared using the Encore Rapid DR Multiplex System 

1-96 (Tecan Group Ltd. Männedorf, Switzerland), and included end repair, ligation, final 

repair and library purification steps. The library was amplified for 10 cycles using 

MyTaq™ HS Red Mix (Meridian Biosciences, Cincinnati, Ohio, United States) and 

standard Illumina primers. Preparative gel electrophoresis was carried out for fragment 

size selection in the range of 300-600 bp.  A final purification step and quality control of 

the DNA library was carried out using Agilent Fragment analyser and Qubit. The genome 

was sequenced using Illumina NovaSeq 6000 with 2x150 bp read length. 

 

The sequencing data were processed as follows: FastQC v0.11.9 reports were generated 

in order to check the quality of sequenced reads (Andrews, 2010). Sequencing adapters 

were clipped from 3' ends of reads. Clipped reads containing undetermined bases were 

removed and the 3' ends of the remaining reads were trimmed to get a minimum mean 

Phred quality score of 20 over a 10-base window. Reads with a final length of <20 bases 

were removed.  

 

The data were analysed as follows: scaffolding of the trimmed reads was carried out with 

SPAdes v3.15.5 (Bankevich et al. 2012), with all scaffolds larger than 1000 bp being 

retained. Reads were realigned against the genome assembly. QUAST v4.5 was used to 
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assess the quality of genome assembly (Gurevich et al. 2013). Augustus v3.4.0 (Stanke 

and Morgenstern, 2005) was used for discovery and predicted peptide annotation on the 

processed scaffolds. For tRNA prediction, tRNAscan-SE was used (Chan et al. 2021).   

NCBI Basic Local Alignment Search Tool (BLAST) (Madden, 2002) was used for inter-

genome comparison, by aligning the T. stollii SFI-F17 annotated genes against 

Talaromyces RefSeq genomes and the core nucleotide BLAST database. Only highly 

similar sequences determined using the Megablast search option and with an Expect value 

of 0.05 or less were included. All settings used were default settings. InterProScan was 

used for functional draft annotation with motif and domain search of predicted peptides 

(Mitchell et al. 2018). The analyses performed were PANTHER, Pfam, MobiDBLite, 

SUPERFAMILY, Gene3D, Coils, SMART, CDD, FunFam, NCBIFam, ProSitePatterns, 

PIRSF, PRINTS and HAMAP. dbCAN3 was used to annotate CAZymes encoded in the 

genome (Zheng et al. 2023).  

5.3 Results and Discussion 

5.3.1 Genome assembly  

The T. stollii SFI-F17 genome was assembled into 307 scaffolds, and with a full length 

of 33.916748 Mbp. This genome size was very similar to that of terrestrial T. stollii CLY-

6 and T. stollii P8401 strains, which had genome sizes of 34.462971 Mbp and 34.321605 

Mbp, respectively (NCBI GenBank), as well as the closely related T. amestolkiae CIB 

genome, which had a size of 33.7 Mbp (Yilmaz et al. 2012; de Eugenio et al. 2017). In 

total, it was predicted that 11,458 genes were encoded in the T. stollii SFI-F17 genome. 

By comparison, there were 12,428 annotated genes in the T. stollii CLY-6 genome (Cheng 

et al. 2021), and 10,408 annotated genes in the T. amestolkiae CIB genome (de Eugenio 

et al. 2017). T. stollii P8401 has not yet been fully annotated (NCBI GenBank). Further 

information on genome sequencing statistics are available in Supplementary Table 5.1.  

5.3.2 BLAST alignment of T. stollii SFI-F17 genes  

Because T. stollii SFI-F17 came from an extreme, non-terrestrial environment, its 

predicted genes were searched against the core nucleotide BLAST database, and against 

other Talaromyces species that had their whole genomes (RefSeq genomes) listed on 
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NCBI GenBank, to see if some (or any) of the genes were unique to T. stollii SFI-F17. 

To the authors, best knowledge, this is the first comparison between terrestrial and 

marine/deep-sea Talaromyces genes carried out to-date. The genome homologies are 

listed in Table 5.2.  

In total, 88.6% of the 11,458 genes encoded in the T. stollii SFI-F17 genome were 

homologous to those in the closely related T. pinophilus 1-95, while 75.3% of the T. 

pinophilus 1-95 genes were homologous to those in T. stollii SFI-F17. Additionally, 

87.6% of the 11,458 genes encoded in the T. stollii SFI-F17 genome were homologous to 

those in T. stollii CLY-6, while 80.7% of the 12,428 genes encoded in the T. stollii CLY-

6 genome were homologous to those in T. stollii SFI-F17. Furthermore, 84.5% of T. stollii 

SFI-F17 genes were homologous to those in the T. stollii P8401 genome. The percentage 

of genes in T. stollii P8401 that were homologous to those in T. stollii SFI-F17 was not 

possible to determine, as this genome has not been annotated to-date. Interestingly, 82.1% 

of the genes encoded in T. stollii SFI-F17 were homologous to those in T. amestolkiae 

CIB, while 90.3% of the 10,408 genes encoded in T. amestolkiae CIB were homologous 

to those in T. stollii SFI-F17. All other Talaromyces sp. listed in Table 5.1 had much less 

gene homology to T. stollii SFI-F17, as they are more distantly related. 

Overall, there was a large overlap of homologous genes between T. stollii SFI-F17 and 

the other T. pinophilus, T. stollii and T. amestolkiae genes. T. pinophilus 1-95, T. stollii 

CLY-6 and P8401, and T. amestolkiae CIB genomes had more than 75% shared identity 

with genes in T. stollii SFI-F17. The homology between the T. stollii and T. amestolkiae 

genes can be explained by the fact that these two species, as well as T. ruber, form a 

phylogenetically distinct clade. While T. pinophilus 1-95 is not a part of this clade, it is 

closely related to T. stollii phylogenetically (Yilmaz, 2012; Jiang et al. 2018). However, 

11-18% of the genes in T. stollii SFI-F17 were not homologous to those encoded in these 

genomes.  

Table 5.2: Results of BLAST searches of T. stollii SFI-F17 predicted transcript-coding 

sequences against other Talaromyces strain genomes available on RefSeq (NCBI 

database).  
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Fungal Strain 

No. of 

genes 

annotated 

in genome 

No. of genes 

significantly 

aligned 

with T. 

stollii SFI-

F17 

RefSeq assembly (date 

submitted) 

Source of 

strain 

T. stollii SFI-F17 11,458 - 
Assembly not yet 

submitted to GenBank 

Deep-sea 

sediment 

T. pinophilus 1-95 13,472 10,149 

 

GCA_001571465.2 

(July 18th, 2017) 

Paddy field 

soil 

T. stollii CLY-6 12,428 10,039 
GCA_014065225.1 

(August 5th, 2020) 

Dioscorea 

zingiberensis 

T. stollii P8401 - 9,679 
GCA_037040825.1 

(March 6th, 2024) 
Human feces 

T. amestolkiae CIB 10,408 9,403 
GCF_001896365.1 

(December 9th, 2016) 
Wheat residue 

T. marneffei 

11CN-20-091 
10,066 6,406 

GCF_009556855.1 

(November 5th, 2019) 

HIV infected 

patients 

T. stipitatus ATCC 

10500 
12,572 4,855 

GCF_000003125.1 

(December 22nd, 2008) 
Rotting wood 

T. atroroseus IBT 

11181 
9,523 1847 

GCF_001907595.1 

(December 16th, 2016) 

Capsicum 

annuum 

T. rugulosus 

W13939 
11,971 992 

GCF_013368755.1 

(June 23rd, 2020) 
Air 

T. proteolyticus 

PMI_201 
13,665 969 

GCF_021365285.1 

(January 5th, 2022) 

Pinus taeda 

roots 

 

Therefore, the T. stollii SFI-F17 annotated genes were also aligned against the core 

nucleotide BLAST database to expand the search outside the Talaromyces genus. This 

database contains all of the genes listed in the NCBI GenBank, EMBL-Bank, DNA 

Databank of Japan (DDBJ), Protein Databank (PDB) and NCBI RefSeq databases. In 

total, it was predicted that 794 genes out of 11,458 (about 7%) did not have homology to 

any other genes in the core nucleotide database, and therefore were determined to be 
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novel. However, whether or not these genes are actually expressed by T. stollii SFI-F17 

is a matter for further study. For example, sequencing of the proteome should be carried 

out to determine which genes are translated into proteins. Furthermore, a larger database 

of fully sequenced T. stollii and Talaromyces sp. genomes (from terrestrial, marine and 

extreme environments) would aid in determining the true novelty of these T. stollii SFI-

F17 genes, but for now, there are only two terrestrial strains available for comparison 

(NCBI database).  

5.3.3 CAZy repertoire of T. stollii SFI-F17 

CAZymes are enzymes that catalyse the degradation, synthesis or modification of 

carbohydrates and the term also includes their associated modules. They are the agents of 

lignocellulose degradation in nature, making them of interest to study for potential 

biotechnological and environmental applications, such as a lignocellulolytic pre-

treatment for biomass waste (Dowd and Tuohy, 2023). They include glycoside hydrolases 

(GHs), glycosyltransferases (GTs), polysaccharide lyases (PLs), carbohydrate esterases 

(CEs), auxiliary activities (AAs) and carbohydrate binding modules (CBMs) (CAZy 

database, 2025), each of which are described in sections 5.3.3.1-5.3.3.6.  

In total, 605 CAZy members were encoded in the T. stollii SFI-F17 genome out of 11,458 

genes, totalling 5% of genes. Of these, 366 were GHs, 115 were GTs, 7 were PLs, 28 

were CEs, 78 were AAs and 84 contained CBM domains, with eleven of the CBMs being 

independent proteins (Figure 5.2). When compared to other species of Talaromyces, the 

closely related terrestrial T. stollii CLY-6 encoded a predicted 588 CAZy genes out of its 

12,428 annotated genes (Cheng et al. 2021). It should be noted that Cheng et al. (2021) 

predicted 867 CAZy proteins in the T. stollii CLY-6 genome. However, analysis of this 

dataset with dbCAN3 and InterProScan revealed that there were 588 CAZy genes out of 

its 12,428 annotated genes (electronic Supplementary Data File 1). This discrepancy was 

presumably due to false CAZy predictions that can occur when, for example, using 

dbCAN3 or CAZyLingua (Thurimella et al. 2023; Zheng et al. 2023). Furthermore, T. 

pinophilus 1-95 encoded a predicted 803 CAZy members out of its 13,472 genes (Li et 

al. 2017), while a strain of the commercially important CAZyme-producing fungus, R. 

emersonii NRRL 3221, also within the Eurotiales order, was reported to encode 376 

CAZy genes in its genome out of 10,595 genes (Steindorff et al. 2024).  
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Figure 5.2: CAZymes encoded in the genome of T. stollii SFI-F17. 

Additionally, seventy-two GH, thirty-two GT, seven PL, nine CE, ten AA and nineteen 

CBM families were represented in the T. stollii SFI-F17 genome (Figure 5.3). When 

compared to the terrestrial T. stollii CLY-6, one less GH family,  the same number of GT 

families, three more PL families, and the same number of CE families, AA families and 

CBM families were represented in the T. stollii SFI-F17 genome (Cheng et al. 2021; 

dbCAN3). When compared to the terrestrial lignocellulolytic T. pinophilus 1-95, the same 

number of GH families, three less GT families, two more PL families, four less CE 

families, the same number of AA and CBM families were represented in the T. stollii SFI-

F17 genome (Li et al. 2017). When compared to R. emersonii NRRL 3221, 15 more GH 

families, one more GT family, five more PL families, one more CE family, one more AA 

family and eight more CBM families were represented in the T. stollii SFI-F17 genome 

(Steindorff et al. 2024).  
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Figure 5.3: Number of each CAZy family represented in the genomes of T. stollii SFI-F17 (this study), T. 

stollii CLY-6 (Cheng et al. 2021), T. pinophilus 1-95 (Li et al. 2017) and R. emersonii NRRL 3221 

(Steindorff et al. 2024). 

When comparing a selection of marine and terrestrial species from the order Eurotiales in 

the literature, there was only a statistically significant difference (p<0.05) between the 

numbers of AA genes encoded, where marine species encoded more than terrestrial 

species (Table 5.3). When comparing marine vs terrestrial strains within Aspergillus, 

there was a statistically significant difference (p<0.05) between the number of GHs and 

CEs, with the marine strains encoding more GHs and less CEs than the terrestrial strains. 

Within Penicillium, the marine strains encoded significantly more (p<0.05) PLs, CEs and 

AAs than the terrestrial strains. As T. stollii SFI-F17 was the only marine strain of 

Talaromyces with its CAZymes characterised, an intra-species comparison between 

marine and terrestrial strains would not be statistically significant. Nevertheless, the 

average number of GHs, GTs, PLs, CEs, CBMs and AAs encoded in the terrestrial 

Talaromyces strains reported in Table 5.3 were all less than those reported for T. stollii 

SFI-F17. Furthermore, a recent study comparing marine and terrestrial fungi in the orders 

Microascales and Hypocreales showed that there was no general genomic phenotypes that 

could distinguish between the two (Doval et al. 2025). This indicates that differences 

between CAZymes in marine and terrestrial fungal strains may be better visualised when 

comparing CAZymes within the same genus e.g. Penicillium, rather than at higher 

classification levels e.g. Eurotiales, Microascales or Hypocreales.     
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Table 5.3: Number of CAZymes encoded in the genomes of a selection of terrestrial and 

marine Talaromyces, Aspergillus and Penicillium from the Eurotiales order. 

Strain 
Isolated 

from 
GH GT PL CE CBM AA Source 

T. stollii SFI-F17 
Deep-sea 

sediment 
366 115 7 28 84 78 

Current 

study 

T. stollii CLY-6 

Root 

vegetable 

Dioscorea 

zingiberensis 

358 107 4 28 75 75 
Cheng et al. 

2021 

T. stipitatus 

ATCC 10500 

Rotting 

wood 
271 105 2 17 65 47 

Peng et al. 

2017 

T. borbonicus A-

T2C-71X 

Rotting 

Arundo 

donax 

250 91 2 20 60 19 
Varriale et 

al. 2018 

T. 

albobiverticillius 

Tp-2 

Rotting 

pomegranate 
427 121 11 40 91 60 

Wang et al. 

2023 

T. 

verruculosus SJ9 

Strawberry 

inter-root 

soil 

361 101 6 27 27 52 
Fu et al. 

2024 

A. niger ATCC 

10864 
Chinese galls 279 123 13 134 53 107 

Paul et al. 

2017 

A. fumigatus 

LMB-35Aa 

Peruvian 

rainforest 

soil 

269 105 15 105 58 55 
Paul et al. 

2017 

A. fumigatus 

Af293 

Aspergillosis 

patient lung 
269 109 15 75 62 57 

Paul et al. 

2017 

A. sydowwii C6d 
Camel rumen 

fluid 
255 74 21 82 8 103 

Tulsani et al. 

2022 
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A. niger L14 
Marine 

sponge 
353 187 10 46 97 88 

Wang et al. 

2022 

A. sydowwii 29R-

4-F02 

Deep-sea 

sediment 
337 126 23 39 67 78 

Jiang et al. 

2023 

A. sydowwii 

FSH102 

Shrimp 

shells 
345 102 20 49 39 124 

Brandt et al. 

2020 

A. affinis CMG70 Sea water 279 96 23 39 22 107 
Gonçalves  et 

al. 2021 

P. chrysogenum 

Wisconsin 54-

1255 

Mouldy 

cantaloupe 

Cucumis 

melo 

222 101 9 20 51 22 
Peng et al. 

2017 

P. oxicalum 5-18 

Rotting leaf 

litter from 

poplar 

plantation 

227 88 7 51 16 50 
Hu et al. 

2023 

P. parvum 4-14 

Zijin 

Mountain 

soil 

221 94 3 14 28 44 
Long et al. 

2023 

P. funiculosum 

NCIM1228 

Rotting plant 

material 

from forest 

198 49 5 19 - 25 
Pasari et al. 

2023 

P. chrysogenum 

28R-6-F01 

Deep-sea 

sediment 
206 75 11 17 36 40 

Liu et al. 

2024 

Penicillium sp. 

SPG-F15 

Deep-sea 

sediment 
253 97 9 116 60 91 

Sobol et al. 

2023 

Penicillium sp. 

SPG-F1 

Deep-sea 

sediment 
270 104 12 119 62 86 

Sobol et al. 

2023 

P. bialowiezense 

A30 

Deep-sea 

sediment 
273 108 10 108 60 94 Li et al. 2022 
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Overall, section 5.3.3 is divided into seven subsections, where each of the CAZy families 

encoded in the T. stollii SFI-F17 genome were described. In sections 5.3.3.1-5.3.3.6, the 

GH, GT, PL, CE, AA and CBM family genes encoded in the T. stollii SFI-F17 genome 

were described. In each section, the T. stollii SFI-F17 CAZy genes were compared with 

those present in related fungal species, such as T. stollii CLY-6 and T. pinophilus 1-95. 

Furthermore, in section 5.3.3.7, the repertoire of lignocellulose-degrading enzyme-

encoding genes present in the genome were described. Additionally, as secreted 

CAZymes are of particular importance in terms of producing cell-free enzyme biomass 

pre-treatments, Section 5.3.3.7.1 focused specifically on the CAZymes predicted to be 

secreted. Finally, all of the details of the predicted CAZy secretome in the T. stollii SFI-

F17 genome as described in this chapter are given in electronic Supplementary Data File 

2.  

5.3.3.1 Glycoside Hydrolases 

GHs are enzymes that catalyse the hydrolysis of glycosidic bonds, and are the main 

drivers of lignocellulose degradation in nature. In total, 366 GHs were encoded in the T. 

stollii SFI-F17 genome (Table 5.4), and included members of 73 GH families. In addition, 

four genes encoding GHs were not classified into a family, and were referred to as GH0. 

The classification of CAZys into families is sequence-based, and relies on the concept 

that sequence defines protein structure, and in turn, protein structure defines its function. 

The creation of a new CAZy family requires at least one biochemically characterised 

member, and therefore, putative protein sequences predicted to be CAZymes that do not 

fit neatly into one of the current families remain unclassified, pending biochemical 

classification (Lombard et al. 2014). Similarly to T. stollii SFI-F17, T. stollii CLY-6 

encodes 358 GHs (Cheng et al. 2021). The genome of T. amestolkiae CIB, which is a 

known lignocellulose-degrading fungus, encodes 325 GHs representing 34 different GH 

families (de Eugenio et al. 2017). Another Talaromyces sp., which is a known 

lignocellulose degrader, T. pinophilus 1-95, encodes 406 GHs representing 72 different 

GH families, out of a total of 13,472 annotated genes (Li et al. 2017). The genome of T. 

reesei, a lignocellulose-degrading fungus that is considered a workhorse in industry 

(Chen et al. 2020), encodes 201 GHs (Häkkinen et al. 2012). Furthermore, the genome of 
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the white rot fungus Phanaerochate chrysosporium encodes 181 GHs, fewer than was 

reported here (Kumar Sista Kameshwar and Qin, 2017). 

Table 5.4: GHs encoded in the genome of T. stollii SFI-F17. 

GH Family/Families No. of CAZys in each GH family 

3 24 

18 22 

28 19 

16, 78 17 

5, 43 16 

13 12 

31 11 

128 9 

2, 11,54, 71 8 

27, 35, 47, 76 7 

55 6 

1, 10, 12, 30, 51, 92 5 

0, 15, 17, 20, 26, 29, 72, 93, 95 4 

36, 39, 62, 64, 81, 89, 105, 106 3 

7, 38, 42, 45, 63, 65, 67, 79, 88, 115, 125, 127, 132, 

135, 141, 154 
2 

6, 23, 25, 32, 33, 37, 49, 53, 74, 75, 114, 134, 139, 

162, 171 
1 

Total 366 

Total predicted to be secreted 178 
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Of the 366 predicted GH genes, 178 were predicted to be secreted (encoded a signal 

peptide and were not predicted to be membrane-bound or localised within the cell by 

InterProScan), and were represented in 51 different GH families. Therefore, if expressed, 

these proteins would most likely be secreted by T. stollii SFI-F17 into its external 

environment (Madhavan et al. 2015; Teufel et al. 2022). This makes these genes of 

particular interest for expression of secreted lignocellulosic enzymes for cell-free pre-

treatments of biomass, for example (Hosseini Koupaie et al. 2019; also see Chapter 4). 

By comparison, the closely related terrestrial T. stollii CLY-6 was predicted to encode 

signal peptides for 176 CAZyme genes from 55 different GH families, indicating that 

they may be secreted (Cheng et al. 2021). Furthermore, T. pinophilus 1-95 was predicted 

to secrete 353 CAZymes from 54 different GH families (Li et al. 2017), which is a similar 

amount of GH families to that predicted here for T. stollii SFI-F17, but almost double the 

secreted CAZymes.   

This section (5.3.3.1) gives an overview of the predicted GH genes in T. stollii SFI-F17, 

as well as those that are predicted to be secreted, and compares the number of GHs to 

those in the T. stollii CLY-6 genome, a closely related strain. However, the functionality 

of these GHs, in particular those that are involved in lignocellulose degradation, is 

discussed in detail in section 5.3.3.7. Furthermore, details of the GHs predicted to be 

secreted are available in electronic Supplementary Data File 2.  

The family encoding the largest amount of GHs in the T. stollii SFI-F17 genome was 

GH3 (Table 5.5). GH3 proteins are involved in the degradation of cellulosic biomass, cell 

wall remodelling in bacteria and fungi, metabolising energy and defence against 

pathogens (Gulshan Ara et al. 2020). To-date, activities reported in this family are exo-

acting β-D-glucosidases, β-D-galactosidases, α-L-arabinofuranosidases, β-D-

xylopyranosidases, β-D-glucuronidases, β-D-fucosidases, N-acetyl-β-D-

acetylhexosaminidase, β-D-glucoside phosphorylases, and N-acetyl-β-D-glucosamine 

phosphorylases (CAZy database, 2025). Out of twenty-four predicted GH3 proteins in 

the T. stollii SFI-F17 genome, eight were predicted to be secreted (Table 5.3). Fifteen of 

the GH3 family members were predicted to be β-glucosidases (EC 3.2.1.21), with five of 

these predicted to be secreted. Three were predicted to be β-D-xylosidases (EC 3.2.1.37), 

with one predicted to be secreted. Four were predicted to be β-N-acetylhexosaminidases 
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(EC 3.2.1.52), and one was predicted to be secreted. One was predicted to be 

an isoprimeverose-producing oligoxyloglucan hydrolase (EC 3.2.1.120), and was not 

predicted to be secreted. One was predicted to be a β-D-xylosidase and/or β-glucosidase 

(3.2.1.37 and/or 3.2.1.21), and was predicted to be secreted. The lignocellulose-degrading 

GH3 family members will be discussed in detail in section 5.3.3.7. By comparison, 24 

genes were predicted to encode GH3 family proteins in the closely related terrestrial T. 

stollii CLY-6, the same as was reported for T. stollii SFI-F17 in this study, with eight of 

these predicted to encode a signal peptide, indicating that they may be secreted if 

expressed (Cheng et al. 2021).  

Table 5.5: GH3 family predicted protein activities in T. stollii SFI-F17. 

Activity EC number Total Predicted to be secreted 

β-glucosidase 3.2.1.21 15 5 

β-D-xylosidase 3.2.1.37 3 1 

β-N-acetylhexosaminidase 3.2.1.52 4 1 

isoprimeverose-producing 

oligoxyloglucan hydrolase 
3.2.1.120 1 0 

β-D-xylosidase and/or β-glucosidase 3.2.1.37 

3.2.1.21 
1 1 

 

The second most abundant GH family represented in the T. stollii SFI-F17 genome was 

GH18. To-date, the proteins in GH18 have been characterised as β-1,4-N-

acetylglucosaminidases, β-N-acetylhexosaminidases, and β-1,4-N-

acetylglucobiosaminidases (CAZy database, 2025). Chitin is an unbranched polymer of 

β-1,4-linked-N-acetylglucosamine residues. It is the second most abundant source of 

natural polysaccharide on earth after cellulose, and is the most abundant natural 

polysaccharide in the oceans (da Silva et al. 2023). Out of twenty-two GH18 proteins, 

seventeen were predicted to be secreted (Table 5.6). Nineteen of these were predicted to 

be chitin endo-β-1,4-N-acetylglucosaminidases (EC 3.2.1.14), with sixteen of these 

predicted to be secreted. Three of the GH18 family members were predicted to be 

mannosyl-oligosaccharide endo-β-1,4-N-acetylglucosaminidases (EC 3.2.1.96), with one 

predicted to be secreted. By comparison, 21 genes were predicted to encode GH18 family 
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proteins in T. stollii CLY-6, one less than was reported for T. stollii SFI-F17 in this study, 

with eleven of those encoding a signal peptide, indicating that they may be secreted if 

expressed (Cheng et al. 2021). 

Table 5.6: GH18 family predicted protein activities in T. stollii SFI-F17. 

Activity EC number Total Predicted to be secreted 

Chitin endo-β-1,4-N-

acetylglucosaminidase  
3.2.1.14 19 16 

Mannosyl-oligosaccharide endo-β-1,4-

N-acetylglucosaminidase  
3.2.1.96 3 1 

 

The third most abundant GH family represented in the T. stollii SFI-F17 genome was 

GH28. The GH28 family encodes different proteins involved in the degradation of pectin, 

a major plant cell wall constituent (Villarreal et al. 2022). All members of this family 

have thus far been characterised as α-galacturonidases (CAZy database, 2025). Out of 

nineteen GH28 predicted proteins, eighteen were predicted to be secreted (Table 5.7). 

Eight of these were predicted to be galacturonan endo-polygalacturonases (EC 3.2.1.15), 

with all predicted to be secreted. Four were predicted to be galacturonan exo-α-1,4-

galacturonidases (EC 3.2.1.67), and all were predicted to be secreted. Four were predicted 

to be rhamnogalacturonan I endo-α-1,2-galacturonidases (EC 3.2.1.171), with three 

predicted to be secreted. One was predicted to be an endo-xylogalacturonan hydrolase 

(3.2.1.-) and was predicted to be secreted. One was predicted to be a polygalacturonase 

(3.2.1.-) and was also predicted to be secreted. A bifunctional pectinesterase and 

endopolygalacturonase (ECs 3.1.1.11 and 3.2.1.15) was also predicted to be secreted. By 

comparison, seventeen GH28 genes were encoded in the terrestrial T. stollii CLY-6 

genome, two less than reported in this study, while sixteen encoded a signal peptide, 

indicating that they may be secreted if expressed (Cheng et al. 2021).  
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Table 5.7: GH28 family predicted protein activities. 

Activity EC number Total  Predicted to be secreted 

Galacturonan endo-polygalacturonase  3.2.1.15 8 8 

Galacturonan exo-α-1,4-galacturonidase  3.2.1.67 4 4 

Rhamnogalacturonan I endo-α-1,2-

galacturonidases   
3.2.1.171 4 3 

Endo-xylogalacturonan hydrolase  3.2.1.- 1 1 

Polygalacturonase  3.2.1.- 1 1 

Bifunctional pectinesterase and 

polygalacturonase 

3.1.1.11 and 

3.2.1.15 
1 1 

 

For families GH16 and GH78, the T. stollii SFI-F17 genome contained seventeen 

predicted proteins each, with ten and four of these predicted to be secreted, respectively 

(Table 5.8). The GH16 family is a family of β-glycanases with different specificities 

involved in the degradation or remodelling of terrestrial and marine cell wall 

polysaccharides (Holm Viborg et al. 2019). So far, proteins characterised as GH16 have 

been either β-glucosidases, β-galactosidases, β-N-acetylglucosaminidases, xyloglucan-

xyloglucosyl transferases, β-transglycosidases or β-glucanosyltransferases (CAZy 

database, 2025).  Five of the GH16 predicted proteins were endo-1,3(4)-β-glucanases (EC 

3.2.1.6), with three predicted to be secreted. Four of the GH16 predicted proteins were 

glucan endo-β-1,3-glucosidases (EC 3.2.1.39), with one predicted to be secreted. The 

remaining eight GH16 predicted proteins were not assigned an activity (EC 3.2.1.-, 2.4.1.-

). To-date, all GH78 family members have been characterised as α-L-rhamnosidases 

(CAZy database, 2025). All of the GH78 family members were predicted to be α-L-

rhamnosidases (EC 3.2.1.40), with four of those predicted to be secreted. The 

lignocellulose-degrading GH16 and GH78 family members will be discussed in detail in 

section 5.3.3.7.  By comparison, the terrestrial T. stollii CLY-6 encoded the same number 

of GH16 and one less GH78 family protein than T. stollii SFI-F17 in this study. 

Furthermore, ten and five of the GH16 and the GH78 family proteins were predicted to 

encode signal peptides, indicating that they may be secreted if expressed (Cheng et al. 

2021). 
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Table 5.8: GH16 and GH78 family predicted protein activities. 

Activity EC number Total Predicted to be secreted 

GH16 glucan endo-β-1,3-glucosidase  3.2.1.39 4 1 

GH16 endo-1,3(4)-β-glucanase   3.2.1.6 5 3 

Unassigned GH16 activity  3.2.1. 2.4.1.- 8 6 

GH78 α-L-rhamnosidase   3.2.1.40 17 4 

 

In GH family 5, sixteen predicted proteins were represented, with eight members 

predicted to be secreted (Table 5.9). GH5 is one of the largest GH families described 

(Aspeborg et al. 2012). To-date, all GH5 proteins have been characterised as β-

glucosidases, β-galactosidases, β-xylosidases, β-mannosidases, β-N-

acetylhexosaminidases, α-L-arabinofuranosidases, or β-glucosaminases (CAZy database, 

2025). In T. stollii SFI-F17, three proteins were predicted to be glucan 1,3-β-glucosidases 

(EC 3.2.1.58), with two of these predicted to be secreted. Five were predicted to be 

cellulose endo-β-1,4-glucosidases (EC 3.2.1.4), with one predicted to be secreted. Two 

were predicted to be mannan endo-1,4-β-mannosidases (EC 3.2.1.78), both of which were 

predicted to be secreted. There was two glucan endo-1,6-β-glucosidases (EC 3.2.1.75), 

one of which was predicted to be secreted. There was one predicted β-glucosidase (EC 

3.2.1.-), which was predicted to be secreted. There was one steryl-beta-glucosidase (EC 

3.2.1.104), not predicted to be secreted. The remaining two proteins were classified as 

GH5 members, but no activity was assigned to them. One of these was predicted to be 

secreted. The lignocellulose-degrading GH5 family members will be discussed in detail 

in section 5.3.3.7. By comparison, the terrestrial T. stollii CLY-6 encoded fifteen GH5 

proteins, one less than reported for T. stollii SFI-F17 in this study, nine of which were 

predicted to encode a signal peptide, indicating that they may be secreted (Cheng et al. 

2021).  
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Table 5.9: GH5 family predicted protein activities. 

Activity EC Number Total  Predicted to be secreted 

Glucan 1,3-β-glucosidase   3.2.1.58 3 2 

Cellulose endo-β-1,4-glucosidase  3.2.1.4 5 1 

Mannan endo-1,4-β-mannosidase 3.2.1.78 2 2 

Glucan endo-1,6-β-glucosidase   3.2.1.75  2 1 

Steryl-β-glucosidase   3.2.1.104 1 0 

β-glucosidase   3.2.1.- 1 1 

Unassigned GH5 activity   3.2.1.- 2 1 

 

Out of the sixteen predicted GH43 proteins, six were predicted to be secreted (Table 5.10). 

The GH43 family contains proteins involved in the degradation of hemicellulose 

(especially arabinoxylan) and pectin (Mewis et al. 2016). To-date, all GH43 proteins have 

been characterised as β-galactosidases, β-xylosidases, β-or α-L-arabinofuranosidases 

(CAZy database, 2025). In T. stollii SFI-F17, there were three α-L-arabinofuranosidases 

(EC 3.2.1.55), one of which was predicted to be secreted. There were two xylan exo-β-

1,4-xylosidases (EC 3.2.1.37), both of which were predicted to be secreted. There was 

one β-galactofuranosidase (EC 3.2.1.146) and one galactan exo-β-1,3-galactosidase (EC 

3.2.1.145), neither of which were predicted to be secreted. There was one endo-1,5-α-L-

arabinosidase (EC 3.2.1.99), that was not predicted to be secreted.  There was also one 

bifunctional mannan endo-1,4-β-mannosidase (EC 3.2.1.78) and arabinan endo-1,5-α-L-

arabinosidase (EC 3.2.1.99), which was predicted to be secreted, and four α-L-

arabinofuranosidase and/or xylan exo-β-1,4-xylosidases (EC 3.2.1.37 and/or 3.2.1.55), 

which were not predicted to be secreted. There were also three GH43 family proteins with 

unassigned activities predicted. Of these, two were predicted to be secreted. The 

lignocellulose-degrading GH43 family members will be discussed in detail in section 

5.3.3.7.  By comparison, T. stollii CLY-6 encoded eighteen GH43 proteins, two more 

than reported for T. stollii SFI-F17 in this study, with six of those encoding a signal 

peptide, indicating that they may be secreted (Cheng et al. 2021).  
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Table 5.10: GH43 family predicted activities.  

Activity EC Number Total Predicted to be secreted 

α-L-arabinofuranosidase  3.2.1.55 3 1 

Xylan exo-β-1,4-xylosidase  3.2.1.37 2 2 

β-galactofuranosidase  3.2.1.146 1 0 

Galactan exo-β-1,3-galactosidase  3.2.1.145 1 0 

Endo-1,5-α -L-arabinosidase  3.2.1.99 1 0 

Mannan endo-1,4-β-mannosidase and 

arabinan endo-1,5-α-L-arabinosidase  

3.2.1.78 and 

3.2.1.99 
1 1 

α-L-arabinofuranosidase and/or xylan 

exo-β-1,4-xylosidase 

3.2.1.55 

and/or 

3.2.1.37 

4 0 

Unassigned GH43 activity 3.2.1.- 3 2 

 

GH13 was the eighth most abundant GH family in the T. stollii SFI-F17 genome and was 

represented by twelve predicted proteins, three of which were predicted to be secreted 

(Table 5.11). To-date, proteins characterised in the GH13 family are α-glucosidases, 

glycoside phosphorylases, amylosucrases, α-glucan branching enzymes, 

glycosyltransferases, isomaltulose synthases, malto-oligosyltrehalose synthases or 

trehalose synthases (CAZy database, 2025). In the T. stollii SFI-F17 genome, there were 

three predicted amylose endo-α-1,4-glucosidases (EC 3.2.1.1), with each predicted to be 

secreted. There were also two 4-α-glucanotransferase (EC 2.4.1.25), one oligo exo-α-1,6-

glucosidase (EC 3.2.1.10) and 1,4-α-glucan branching enzyme (EC 2.4.1.18), as well as 

five GH13 domain-containing proteins predicted with unassigned activities, none of 

which were predicted to be secreted. By comparison, the terrestrial T. stollii CLY-6 

encoded thirteen GH13 proteins, one more than reported for T. stollii SFI-F17 in this 

study, while four of these were predicted to encode signal peptides, indicating that they 

may be secreted (Cheng et al. 2021).  
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Table 5.11: GH13 family predicted protein activities. 

Activity EC Number Total  Predicted to be secreted 

Amylose endo-α-1,4-glucosidase  3.2.1.1 3 3 

4-α-glucanotransferase  2.4.1.25 2 0 

Oligo exo-α-1,6-glucosidase  3.2.1.10 1 0 

1,4-α-glucan branching enzyme  2.4.1.18 1 0 

GH13 domain-containing protein with 

unassigned activity  
3.2.1.- 3 0 

GH13 domain-containing protein with 

unassigned activity  
2.4.1.- 2 0 

 

GH31 was the ninth most abundant GH family in the T. stollii SFI-F17 genome, and was 

represented by eleven predicted proteins, with two of those predicted to be secreted (Table 

5.12). To-date, the characterised proteins in family GH31 are α-glucosidases, α-

galactosidases, α-mannosidases, α-xylosidases, α-quinovosidase, α- 

acetylgalactosaminidases, glucosyltransferases or α-glucan lyases (CAZy database, 

2025).  In the T. stollii SFI-F17 genome, there were three α/β-glucosidases (EC 3.2.1.20, 

3.2.1.21), two of which were predicted to be secreted. Furthermore, there were four α-

xylosidases (EC 3.2.1.177), one glucan exo-α-1,3-glucosidase (EC 3.2.1.84), and three 

GH31 proteins with unassigned activities (EC 3.2.1.-), none of which were predicted to 

be secreted. The lignocellulose-degrading GH31 family members will be discussed in 

detail in section 5.3.3.7. By comparison, the terrestrial T. stollii CLY-6 encoded twelve 

GH31 proteins, one more than reported for T. stollii SFI-F17 in this study, with two 

encoding a signal peptide, indicating that they may be secreted (Cheng et al. 2021).  

 

Table 5.12: GH31 family predicted protein activities. 

Activity EC Number Total  Predicted to be secreted 

α-xylosidase 3.2.1.177 4 0 

α/β-glucosidase 
3.2.1.20 and 

3.2.1.21 
3 2 

Glucan exo-α-1,3-glucosidase 3.2.1.84 1 0 

GH31 protein with unassigned activity 3.2.1.- 3 0 
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Nine predicted proteins, none of which were predicted to be secreted, represented family 

GH128, the tenth most abundant GH family encoded in the T. stollii SFI-F17 genome. 

To-date, the activities that have been defined in the GH128 family are either glucan endo-

β-1,3-glucosidase (EC 3.2.1.39) or glucan exo-β-1,3-glucosidase (EC 3.2.1.58) (CAZy 

database, 2025). In the T. stollii SFI-F17 genome, they were all predicted to be alkali-

sensitive linkage protein-like glycosyl hydrolase catalytic domain-containing proteins. 

This domain represents the catalytic core present in a poorly characterised group of 

glycoside hydrolases (InterPro accession: IPR024655). By comparison, GH128 was 

detected in the terrestrial T. stollii CLY-6 genome, which encoded eight GH128 proteins, 

one less than reported for T. stollii SFI-F17 in this study, while seven of those encoded a 

signal peptide, indicating that they may be secreted (Cheng et al. 2021).  

The GH2 family in the T. stollii SFI-F17 genome was represented by eight predicted 

proteins, with three predicted to be secreted. To-date, the activities characterised in the 

GH2 family are β-glucosidases, β-galactosidases, β-glucuronidases, β-mannosidases, 

exo-β-glucosaminidases, endo-β-mannosidases, α-L-arabinosidases, β-xylosidases, β-N-

acetylhexosaminidases, β-N-glucosaminases and β-galacturonidases (CAZy database, 

2025). In the T. stollii SFI-F17 genome, three were predicted to be β-galactosidases (EC 

3.2.1.23) with one predicted to be secreted (Table 5.13). Three were β-mannosidases (EC 

3.2.1.25), with one predicted to be secreted. Furthermore, one each of β-glucuronidase 

(EC 3.2.1.31) and chitosan exo-β-1,4-N-glucosaminase (EC 3.2.1.165) were predicted, 

with the latter predicted to be secreted. The lignocellulose-degrading GH2 family 

members will be discussed in detail in section 5.3.3.7. By comparison, the terrestrial T. 

stollii CLY-6 encoded eight GH2 proteins, the same as reported for T. stollii SFI-F17 in 

this study, with two encoding a signal peptide, indicating that they may be secreted 

(Cheng et al. 2021).  

Table 5.13: GH2 family predicted protein activities. 

Activity EC Number Total  Predicted to be secreted 

β-galactosidase   3.2.1.23 3 1 

β-mannosidase   3.2.1.25 3 1 

β-glucuronidase   3.2.1.31 1 0 

Chitosan exo-β-1,4-N-glucosaminase  3.2.1.165 1 1 
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Eight predicted proteins were represented in the GH11 family in the T. stollii SFI-F17 

genome, and all were predicted to be secreted (Table 5.14). To-date, all GH11 family 

members have been characterised as either exo-β-1,4-xylosidases (EC 3.2.1.37) or endo-

β-1,4-xylanases (EC 3.2.1.8) (CAZy database, 2025). In T. stollii SFI-F17, all were 

predicted to be endo-β-1,4-xylanases (EC 3.2.1.8). By comparison, GH11 was detected 

in the terrestrial T. stollii CLY-6 genome, which encoded eight GH11 proteins, the same 

as reported for T. stollii SFI-F17 in this study. All encoded signal peptides, and therefore 

may be secreted (Cheng et al. 2021). This family will be discussed further in section 

5.3.3.7 as it is important in terms of lignocellulose degradation.  

The GH54 family in the T. stollii SFI-F17 genome was represented by eight predicted 

proteins, with all predicted to be secreted (Table 5.14). To-date, all characterised proteins 

in the GH54 family are α-L-arabinofuranosidases (EC 3.2.1.55), xylan β-D-1,4-

xylosidases (EC 3.2.1.37) or β-galactosidases (EC 3.2.1.23).  In T. stollii SFI-F17, all 

predicted proteins in this family were α-L-arabinofuranosidases (EC 3.2.1.55). This 

family was also detected in the terrestrial T. stollii CLY-6 genome, which encoded five 

GH54 proteins, three less than was reported for T. stollii SFI-F17 in this study. Three of 

these encoded a signal peptide, potentially marking them for secretion (Cheng et al. 

2021). This was one of the biggest differences between the GH genes encoded between 

the two T. stollii strains. As α-L-arabinofuranosidases are important in lignocellulose 

degradation, this family will be discussed further in section 5.3.3.7. 

The GH71 family in the T. stollii SFI-F17 genome was represented by eight predicted 

proteins, with five predicted to be secreted (Table 5.14). Currently, all characterised 

proteins in the GH71 family are glucan endo-α-1,3-glucosidases (EC 3.2.1.59). 

Therefore, in the T. stollii SFI-F17 genome, all members of this family were predicted to 

be glucan endo-1,3-α-glucosidases (EC 3.2.1.59). The lignocellulose-degrading GH71 

family members will be discussed in detail in section 5.3.3.7. Similarly to T. stollii SFI-

F17, GH family 71 was detected in the terrestrial T. stollii CLY-6 genome, which encoded 

nine GH71 proteins, one more than was reported for T. stollii SFI-F17 in this study. Seven 

of those encoded a signal peptide, potentially marking them for secretion (Cheng et al. 

2021). 
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The GH27 family in the T. stollii SFI-F17 genome was represented by seven predicted 

proteins, with four predicted to be secreted (Table 5.14).  To-date, all characterised 

proteins in this family are α-galactosidases (EC 3.2.1.22), β-N-acetylgalactosaminidases 

(EC 3.2.1.49), β-L-arabinopyranosidases (EC 3.2.1.88), dextran exo-a-1,6-

glucobiosidases (EC 3.2.1.94), galactomannan exo-a-1,6-galactosidases (EC 3.2.1.-) or 

galactan:galactan galactosyltransferases (EC 2.4.1.-). All of the GH27 proteins predicted 

in the T. stollii SFI-F17 genome were α-galactosidases (EC 3.2.1.22), with four predicted 

to be secreted (Table 5.14). One of the secreted proteins also encoded a β-xylosidase (EC 

3.2.1.37) domain, indicating that it may be bifunctional if expressed. Additionally, one of 

the proteins predicted to not be secreted also encoded a rhamnogalacturonan I endo-α-

1,2-galacturonidase (EC 3.2.1.171) domain, indicating that it may be bifunctional if 

expressed. The lignocellulose-degrading GH27 family members will be discussed in 

detail in section 5.3.3.7.  By comparison, the terrestrial T. stollii CLY-6 genome encoded 

five GH27 proteins, two less than was reported for T. stollii SFI-F17 in this study. One of 

those encoded a signal peptide, potentially marking it for secretion (Cheng et al. 2021). 

The GH35 family was represented by seven predicted proteins in the T. stollii SFI-F17 

genome, with six predicted to be secreted (Table 5.12). All characterised members of 

family GH35 have to-date been β-galactosidases, β-glucosidases, β-N-glucosaminases or 

β-glucan synthases (CAZy database, 2025). In the T. stollii SFI-F17 genome, all were β-

galactosidases (EC 3.2.1.23), and will be discussed further in section 5.3.3.7. 

Additionally, the terrestrial T. stollii CLY-6 genome encoded seven GH35 proteins, the 

same as was reported for T. stollii SFI-F17 in this study. Four of those encoded a signal 

peptide, potentially marking them for secretion (Cheng et al. 2021). 

The GH47 family was represented by seven predicted proteins in the T. stollii SFI-F17 

genome, with none predicted to be secreted (Table 5.14). To-date, all GH47 family 

members have been characterised as mannosyl-oligosaccharide exo-α-1,2-mannosidases 

(EC 3.2.1.113). Therefore, in the T. stollii SFI-F17, all were predicted to be mannosyl-

oligosaccharide exo-α-1,2-mannosidases (EC3.2.1.113). Furthermore, the terrestrial T. 

stollii CLY-6 genome encoded seven GH47 proteins, the same as was reported for T. 

stollii SFI-F17 in this study. Two of those encoded a signal peptide, potentially marking 

them for secretion (Cheng et al. 2021). 
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For GH76, seven predicted proteins were represented in the T. stollii SFI-F17 genome, 

with four predicted to be secreted. To-date, all characterised family members have been 

α-glucosidases (EC 3.2.1.20) or α-1,6-mannosidases (EC 3.2.1.101). The four proteins 

predicted not to be secreted were mannan endo-1,6-α-mannosidases (EC 3.2.1.101). The 

three proteins predicted to be secreted were unassigned, however all characterised in this 

family to-date were either α-1,6-mannanase (EC 3.2.1.101) or α-glucosidase (EC 

3.2.1.20) (CAZy database, 2025). The lignocellulose-degrading GH76 family members 

will be discussed in detail in section 5.3.3.7. By comparison, the terrestrial T. stollii CLY-

6 genome encoded eight GH76 proteins, one more than was reported for T. stollii SFI-

F17 in this study. Five of those encoded a signal peptide, potentially marking them for 

secretion (Cheng et al. 2021). 

GH55 was represented by six predicted proteins, all of which were predicted to be 

secreted (Table 5.14). One was predicted to be a glucan endo-β-1,3-glucosidase (EC 

3.2.1.39), and four were predicted to be glucan exo-β-1,3-glucosidase (EC 3.2.1.58). The 

remaining one was unassigned an activity, however all characterised members of this 

family were β-glucosidases (EC 3.2.1.-). These will be discussed further in section 

5.3.3.7. By comparison, the terrestrial T. stollii CLY-6 genome encoded six GH55 

proteins, the same as was reported for T. stollii SFI-F17 in this study. Five of those 

encoded a signal peptide, potentially marking them for secretion (Cheng et al. 2021). 

GH30 was represented by five predicted proteins, with four of those predicted to be 

secreted. All characterised proteins in this family have been to-date β-xylosidases, β-

glucosidases, β-fucosidases, β-galactosidases and β-glucuronidases (CAZy database, 

2025). In the T. stollii SFI-F17 genome, two were endo-1,6-β-D-glucanases (EC 3.2.1.75) 

(one secreted, one not), two were endo-β-1,4-xylanases (EC 3.2.1.8) predicted to be 

secreted, and one was a galactan endo-β-1,6-galactosidase (EC 3.2.1.164) predicted to be 

secreted. The lignocellulose-degrading GH30 family members will be discussed in detail 

in section 5.3.3.7.  By comparison, the terrestrial T. stollii CLY-6 genome encoded five 

GH30 proteins, the same as was reported for T. stollii SFI-F17 in this study. Three of 

those encoded a signal peptide, potentially marking them for secretion (Cheng et al. 

2021). 
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The GH1 family was represented by five predicted proteins, none of which were predicted 

to be secreted (Table 5.14). To-date, all characterised proteins in the GH1 family are β-

glucosidases, β-galactosidases, β-fucosidases, β-xylosidases, β-mannosidases, α-

neuraminidases, α-arabinosidases and β-transglucosidases (CAZy database, 2025). In the 

T. stollii SFI-F17 genome, all of the predicted proteins were β-glucosidases (EC 3.2.1.21). 

The lignocellulose-degrading GH1 family members will be discussed in detail in section 

5.3.3.7.  By comparison, the terrestrial T. stollii CLY-6 genome encoded five GH1 

proteins, the same as was reported for T. stollii SFI-F17 in this study. One of those 

encoded a signal peptide, potentially marking them for secretion (Cheng et al. 2021). 

The GH10 family was represented by five predicted proteins, three of which were 

predicted to be secreted (Table 5.14). All proteins characterised in this family are β-

glucosidases, β-xylosidases, β-galactosidases or xylan transglycosidases (CAZy 

database, 2025). In the T. stollii SFI-F17 genome, all were predicted to be endo-β-1,4-

xylanases (EC 3.2.1.8) and will be discussed further in section 5.3.3.7. By comparison, 

the terrestrial T. stollii CLY-6 genome encoded two GH10 proteins, three less than 

reported for T. stollii SFI-F17 in this study. Both encoded a signal peptide, potentially 

marking them for secretion (Cheng et al. 2021). 

GH12 was represented by five predicted proteins, three of which were predicted to be 

secreted (Table 5.14). To-date, only three activities have been assigned to characterised 

proteins in this family- cellulose β-1,4 glucosidase (EC 3.2.1.4), MLG endo-β-1,4-

glucosidase (EC 3.2.1.73) and xyloglucan endo-β-1,4-glucosidase (EC 3.2.1.151). In the 

T. stollii SFI-F17 genome, two of the predicted proteins were xyloglucan-specific endo-

β-1,4-glucanases (EC 3.2.1.151) and both were predicted to be secreted. Three were 

cellulose endo-β-1,4-glucanases (EC 3.2.1.4) and one was predicted to be secreted. The 

lignocellulose-degrading GH12 family members will be discussed in detail in section 

5.3.3.7. By comparison, the terrestrial T. stollii CLY-6 genome encoded four GH12 

proteins, one less than reported for T. stollii SFI-F17 in this study, while three encoded a 

signal peptide, potentially marking them for secretion (Cheng et al. 2021).  
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Table 5.14: GH families with 5-8 activities each predicted in the T. stollii SFI-F17 

genome. 

GH 

family 

No. of 

family 

members 

Activity/Activities 
EC 

number 

No. 

predicted 

to be 

secreted 

11 8 endo-β-1,4-xylanase 3.2.1.8 8 

54 8 α-L-arabinofuranosidase 3.2.1.55 8 

71 8 glucan endo-1,3-α-glucosidase 3.2.1.59 5 

27 7 

α-galactosidase; 1 secreted bifunctional 

with α-galactosidase + β-xylosidase; 1 not 

secreted bifunctional with α-galactosidase 

+ rhamnogalacturonan I endo-α-1,2-

galacturonidase. 

3.2.1.22 

3.2.1.37 

3.2.1.171 

4 

35 7 β-galactosidase 3.2.1.23 6 

47 7 
mannosyl-oligosaccharide exo-α-1,2-

mannosidases 
3.2.1.113 0 

76 7 

3 not secreted mannan endo-1,6-α-

mannosidase (EC 3.2.1.101); 4 secreted 

either α-1,6-mannanase (EC 3.2.1.101) or 

α-glucosidase (EC 3.2.1.20) 

3.2.1.101 

3.2.1.20 
4 

55 6 

1 glucan endo-β-1,3-glucosidase; 4 glucan 

exo-β-1,3-glucosidases; 1 exo-/endo-β-

glucosidase 

3.2.1.39 

3.2.1.58 

3.2.1.- 

6 

30 5 

2 secreted endo-β-1,4-xylanases; 2 endo-

1,6-β-D-glucanases (one secreted, one not); 

1 secreted galactan endo-β-1,6-

galactosidase 

3.2.1.8 

3.2.1.75 

3.2.1.164 

4 

1 5 4 β-glucosidase; 1 unassigned 
3.2.1.21 

3.2.1.- 
0 

10 5 endo-β-1,4-xylanase 3.2.1.8 3 

12 5 

2 secreted xyloglucan-specific endo-β-1,4-

glucanases; 2 cellulose endo-β-1,4-

glucanases (one secreted, one not); 1 β-1,4-

glucosidase 

3.2.1.151 

3.2.1.4 

3.2.1.- 

3 

51 5 α-L-arabinofuranosidase 3.2.1.55 3 

92 5 α-mannosidase 3.2.1.- 0 
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The GH51 family was represented by five predicted proteins in the T. stollii SFI-F17 

secretome, three of which were predicted to be secreted (Table 5.14). To-date, all GH51 

family proteins have been characterised as β-glucosidases, β-xylosidases and α-

arabinosidases (CAZy database, 2025). In the T. stollii SFI-F17 genome, all were α-L-

arabinofuranosidases (EC 3.2.1.55) and will be discussed further in section 5.3.3.7. By 

comparison, the terrestrial T. stollii CLY-6 genome encoded five GH51 proteins, the same 

as reported for T. stollii SFI-F17 in this study, while one encoded a signal peptide, 

potentially marking it for secretion (Cheng et al. 2021). 

The GH92 family was represented by five predicted proteins, none of which were 

predicted to be secreted (Table 5.14). None were assigned an activity, however all 

characterised GH92 proteins to-date have been α-mannosidases (EC 3.2.1.-). By 

comparison, the terrestrial T. stollii CLY-6 genome encoded five GH92 proteins, the same 

as reported for T. stollii SFI-F17 in this study, while one encoded a signal peptide, 

potentially marking it for secretion (Cheng et al. 2021). 

The GH15 family was represented by four predicted proteins, none of which were 

predicted to be secreted (Table 5.15). All GH15 family members to-date have been 

characterised as α-glucosidases. In the T. stollii SFI-F17 genome, all predicted GH15 

proteins were glucan 1,4-α-glucosidases (EC 3.2.1.3). By comparison, the terrestrial T. 

stollii CLY-6 genome encoded four GH15 proteins, the same as reported for T. stollii 

SFI-F17 in this study, while three encoded a signal peptide, potentially marking it for 

secretion (Cheng et al. 2021). 

Family GH17 was also represented by four predicted proteins in the T. stollii SFI-F17 

genome, all of which were glucan endo-1,3-β-D-glucosidases (EC 3.2.1.39), with three 

predicted to be secreted (Table 5.15). All proteins characterised to-date in this family are 

β-glucosidases and β-glucanosyltransglucosidases (CAZy database, 2025). The 

lignocellulose-degrading GH17 family members will be discussed in detail in section 

5.3.3.7. By comparison, the terrestrial T. stollii CLY-6 genome encoded four GH17 

proteins, the same as reported for T. stollii SFI-F17 in this study, while two encoded a 

signal peptide, potentially marking them for secretion (Cheng et al. 2021). 
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The GH20 family was represented by four predicted proteins, all of which were predicted 

to be β-N-acetylhexosaminidases (EC 3.2.1.52) (Table 5.15). To-date, all GH20 family 

proteins have been characterised as β-N-acetylhexosaminidases (CAZy database, 2025). 

None of the GH20 family members were predicted to be secreted. By comparison, the 

terrestrial T. stollii CLY-6 genome encoded four GH20 proteins, the same as reported for 

T. stollii SFI-F17 in this study, while two encoded a signal peptide, potentially marking 

them for secretion (Cheng et al. 2021). 

The GH26 family was represented in the T. stollii SFI-F17 genome by four predicted 

proteins, three of which were predicted to be secreted (Table 5.15). All characterised 

proteins in this family are β-glucosidases, β-mannosidases, and β-xylosidases (CAZy 

database, 2025). They were all predicted to be mannan endo-β-1,4-mannosidases (EC 

3.2.1.78). The lignocellulose-degrading GH5 family members will be discussed in detail 

in section 5.3.3.7. By comparison, the terrestrial T. stollii CLY-6 genome encoded three 

GH26 proteins, one less than was reported for T. stollii SFI-F17 in this study, while two 

encoded a signal peptide, potentially marking them for secretion (Cheng et al. 2021). 

Three of the four GH29 proteins in the T. stollii SFI-F17 genome were predicted to be α-

L-fucosidases (EC 3.2.1.51), while the remaining GH29 predicted protein was unassigned 

an activity (Table 5.15). To-date, all proteins characterised in the GH29 family are α-

fucosidases, α-glucosidases and α-galactosidases (CAZy database, 2025). In the T. stollii 

SFI-F17 genome, none were predicted to be secreted. The lignocellulose-degrading GH29 

family members will be discussed in detail in section 5.3.3.7. By comparison, the 

terrestrial T. stollii CLY-6 genome encoded four GH29 proteins, the same as reported for 

T. stollii SFI-F17 in this study, while two encoded a signal peptide, potentially marking 

them for secretion (Cheng et al. 2021). 

All of the four GH72 predicted proteins were 1,3-β-glucanosyltransglucosidases (EC 

2.4.1.-), and none were predicted to be secreted (Table 5.15). To-date, all proteins 

characterised in the GH72 family are 1,3-β-glucanosyltransglucosidases (EC 2.4.1.-) 

(CAZy database, 2025). By comparison, the terrestrial T. stollii CLY-6 genome encoded 

five GH72 proteins, one more than was reported for T. stollii SFI-F17 in this study, while 

three encoded a signal peptide, potentially marking them for secretion (Cheng et al. 2021). 
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The GH93 family, which is a family of exo-acting α-1,5-arabinanases (EC 3.2.1.-) (CAZy 

database, 2025), was represented by four predicted proteins, three of which were 

predicted to be secreted (Table 5.15). GH95 was represented by four family members, all 

α-L-fucosidases (EC 3.2.1.51), with one predicted to be secreted (Table 5.15). All 

characterised proteins in the GH95 family to-date have been α-fucosidases or α-

galactosidases. The lignocellulose-degrading GH93 and GH95 family members will be 

discussed in detail in section 5.3.3.7. By comparison, the terrestrial T. stollii CLY-6 

genome encoded four GH93 and GH95 proteins each, the same as reported for T. stollii 

SFI-F17 in this study, while three GH93 and none of the GH95 predicted proteins encoded 

a signal peptide (Cheng et al. 2021). 

Three predicted proteins represented the GH36 family, two of which were α-

galactosidases (EC 3.2.1.22), one of which was not assigned an activity (Table 5.15). 

None were predicted to be secreted. To-date, all characterised proteins in the GH36 family 

are α-galactosidases, α-N-galactosaminidases, α-arabinosidases and 

galactosyltransferases (CAZy database, 2025). The lignocellulose-degrading GH36 

family members will be discussed in detail in section 5.3.3.7. By comparison to T. stollii 

SFI-F17, the terrestrial T. stollii CLY-6 genome encoded two GH36 proteins, one less 

than was reported for T. stollii SFI-F17 in this study, while none of the predicted proteins 

encoded a signal peptide (Cheng et al. 2021). 

Three predicted proteins represented family GH39 in the T. stollii SFI-F17 genome, two 

of which were predicted to be secreted (Table 5.15). To-date, all characterised proteins in 

the GH39 family are β-galactosidases, β-xylosidases, α-arabinofuranosidases, α-

rhamnosidases, α-iduronidases and β-glucosidases (CAZy database, 2025). In the T. 

stollii SFI-F17 genome, one of the secreted GH39 proteins was predicted to be a β-

xylosidase (EC 3.2.1.37), while the other secreted protein had both a β-xylosidase (EC 

3.2.1.37) and α-galactosidase (EC 3.2.1.22) domain, indicating potential bifunctionality 

if this protein was expressed. The remaining GH39 predicted protein was not assigned a 

function. The lignocellulose-degrading GH39 family members will be discussed in detail 

in section 5.3.3.7. By comparison, the terrestrial T. stollii CLY-6 genome encoded three 

GH39 proteins, the same as reported for T. stollii SFI-F17 in this study, while two of the 
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predicted proteins encoded a signal peptide, potentially marking them for secretion 

(Cheng et al. 2021). 

Three predicted proteins were represented in the GH62 family in the T. stollii SFI-F17 

genome. Of these, all were predicted to be secreted, and all were predicted to be arabinan 

exo-α-1,3-L-arabinofuranosidases (EC 3.2.1.-) (Table 5.15). To-date, all characterised 

proteins in the GH62 family have been endo-β-1,4-xylanases (EC 3.2.1.8) and α-L-

arabinofuranosidases (EC 3.2.1.55; EC 3.2.1.-). The lignocellulose-degrading GH62 

family members will be discussed in detail in section 5.3.3.7. By comparison to the T. 

stollii SFI-F17 secretome, the terrestrial T. stollii CLY-6 genome encoded three GH62 

proteins, the same as reported for T. stollii SFI-F17 in this study, while all of the predicted 

proteins encoded a signal peptide, potentially marking them for secretion (Cheng et al. 

2021). 

Three predicted proteins were represented in the GH64 and GH81 families in the T. stollii 

SFI-F17 genome, and all were glucan endo-1,3-β-glucosidases (EC 3.2.1.39) (Table 

5.15). To-date, all proteins in these families have been characterised as glucan endo-1,3-

β-glucosidases (EC 3.2.1.39). One GH64 and one GH81 predicted protein was predicted 

to be secreted. The lignocellulose-degrading GH64 and GH81 family members will be 

discussed in detail in section 5.3.3.7.  By comparison, the terrestrial T. stollii CLY-6 

genome encoded three GH64 and two GH81 proteins, while two of the GH64 and one of 

the GH81 predicted proteins encoded a signal peptide, potentially marking them for 

secretion (Cheng et al. 2021). 

Three predicted proteins represented the GH89 family in the T. stollii SFI-F17 genome, 

all of which were α-N-acetylglucosaminidases (EC 3.2.1.50), and one of which was 

predicted to be secreted (Table 5.15). To-date, all of the proteins in this family have been 

characterised as α-N-acetylglucosaminidases (EC 3.2.1.50). By comparison, the 

terrestrial T. stollii CLY-6 genome encoded three GH89 proteins, while two of these 

encoded a signal peptide, potentially marking them for secretion (Cheng et al. 2021). 
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Table 5.15: GH families with 3-4 activities each predicted in the T. stollii SFI-F17 

genome. 

GH 

family 

No. of 

family 

members 

Activity/Activities 
EC 

number 

No. 

predicted 

to be 

secreted 

15 4 glucan 1,4-α-glucosidase 3.2.1.3 0 

17 4 glucan endo-1,3-β-D-glucosidase 3.2.1.39 3 

20 4 β-N-acetylhexosaminidase 3.2.1.152 0 

26 4 mannan endo-β-1,4-mannosidase 3.2.1.78 3 

29 4 3 α-L-fucosidases; 1 unassigned 
3.2.1.51 

or 3.2.1.- 
0 

72 4 1,3-β-glucanosyltransglucosidase 2.4.1.- 0 

93 4 exo-acting α-1,5-arabinanase 3.2.1.- 3 

95 4 α-L-fucosidase 3.2.1.51 1 

36 3 2 α-galactosidase; 1 unassigned 3.2.1.22 0 

39 3 

1 secreted β-xylosidase; 1 secreted 

bifunctional β-xylosidase and α-

galactosidase; 1 not secreted unassigned 

3.2.1.37 

3.2.1.22 
2 

62 3 α-L-arabinofuranosidase 3.2.1.55 3 

64 3 glucan endo-1,3-β-glucosidase 3.2.1.39 1 

81 3 endo-1,3(4)-beta-glucanase 3.2.1.39 1 

89 3 α-N-acetylglucosaminidase 3.2.1.50 1 

105 3 
rhamnogalacturonan I unsaturated-α-1,2-

galacturonidase  
3.2.1.172 2 

106 3 α-L-rhamnosidase 

3.2.1.40 

or 

3.2.1.174 

2 

127 3 β-L-arabinofuranosidases   3.2.1.185 0 

 

Three predicted proteins represented the GH105 family in the T. stollii SFI-F17 genome, 

with two of these predicted to be secreted (Table 5.15). To-date, all of the proteins in this 

family have been characterised as α-1,2-galacturonidases and β-glucuronidases (CAZy 

database, 2025). In the T. stollii SFI-F17 genome, all were predicted to be 

rhamnogalacturonan I unsaturated-α-1,2-galacturonidase (EC 3.2.1.172). The 



 

204 

 

 

lignocellulose-degrading GH105 family members will be discussed in detail in section 

5.3.3.7. By comparison, the terrestrial T. stollii CLY-6 genome encoded three GH105 

proteins, while one of these encoded a signal peptide, potentially marking it for secretion 

(Cheng et al. 2021). 

Three predicted proteins represented the GH106 family in the T. stollii SFI-F17 genome, 

with two predicted to be secreted (Table 5.15). GH106 is a family of α-L-rhamnosidases 

(EC 3.2.1.40 and EC 3.2.1.174). The lignocellulose-degrading GH106 family members 

will be discussed in detail in section 5.3.3.7.  By comparison, the terrestrial T. stollii CLY-

6 genome encoded three GH106 proteins, while all of these encoded a signal peptide, 

potentially marking them for secretion (Cheng et al. 2021). 

Three predicted proteins were represented in GH127, a family of β-L-

arabinofuranosidases (EC 3.2.1.185), and none were predicted to be secreted (Table 

5.15). The terrestrial T. stollii SFI-F17 genome encoded one GH127 protein, and was not 

predicted to be secreted (Cheng et al. 2021).Two predicted proteins were represented in 

the GH7 family, both cellulose endo-β-1,4-glucosidases (EC 3.2.1.4), and both were 

predicted to be secreted (Table 5.16). This was the same for the terrestrial T. stollii CLY-

6 (Cheng et al. 2021). To-date, all GH7 proteins have been characterised as cellulose 

endo-β-1,4-glucosidases (EC 3.2.1.4), MLG endo-β-1,4-glucosidases (EC 3.2.1.73), 

chitosan endo-β-1,4-N-glucosaminases (EC 3.2.1.132) and reducing-end cellulose exo-β-

1,4-glucobiosidase (EC 3.2.1.176) (CAZy database, 2025). The lignocellulose-degrading 

GH7 family members will be discussed in detail in section 5.3.3.7. 

For the GH38 family, two predicted proteins were represented, both α-mannosidases (EC 

3.2.1.24), and neither were predicted to be secreted (Table 5.16). This was the same for 

the terrestrial T. stollii CLY-6 (Cheng et al. 2021). To-date, all proteins in the GH38 

family have been characterised as α-mannosidases (CAZy database, 2025). The 

lignocellulose-degrading GH38 family members will be discussed in detail in section 

5.3.3.7. 

For the GH42 family, two predicted proteins were represented, both were α-

galactosidases (EC 3.2.1.23), and neither were predicted to be secreted (Table 5.16). The 

lignocellulose-degrading GH42 family members will be discussed in detail in section 
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5.3.3.7. In the terrestrial T. stollii CLY-6 genome, the GH42 family was not represented 

(Cheng et al. 2021). To-date, all characterised proteins in this family were β-

galactosidases (EC 3.2.1.23), antigen exo-β-1,3-galactosidases (EC 3.2.1.-) and α-L-

arabinopyranosidases (EC 3.2.1.-) (CAZy database, 2025). 

The GH45 family was represented by two cellulose endo-β-1,4-glucosidases (EC 3.2.1.4), 

one of which was predicted to be secreted (Table 5.16). The lignocellulose-degrading 

GH45 family members will be discussed in detail in section 5.3.3.7. By comparison, the 

GH45 family was represented by three proteins, one of which encoded a signal peptide, 

indicating that it may be secreted (Cheng et al. 2021). To-date, the proteins characterised 

in this family are cellulose endo-β-1,4-glucosidases (EC 3.2.1.4), xyloglucan endo-β-1,4-

glucosidases (EC 3.2.1.151) and glucomannan endo-β-1,4-glucosidases (EC 3.2.1.-) 

(CAZy database, 2025). 

Two predicted proteins were represented in the GH63 family, both Glc3Man9GlcNAc2 

oligosaccharide glucosidases (EC 3.2.1.106) (Table 5.16). Neither of the GH63 proteins 

were predicted to be secreted. The same was true for the terrestrial T. stollii CLY-6 

(Cheng et al. 2021). To-date, all proteins characterised in this family were α-glucosidases 

and α-mannosidases (CAZy database, 2025). 

Two predicted proteins were represented in the GH65 family, one of which was trehalose 

α-1,1-glucosidase (EC 3.2.1.28). The other GH65 predicted protein was not assigned an 

activity. Neither were predicted to be secreted (Table 5.16). The terrestrial T. stollii CLY-

6 also encoded two GH65 family members, and one of those encoded a signal peptide, 

indicating that it may be secreted (Cheng et al. 2021). To-date, all characterised proteins 

in this family are α-glucosidases and sugar phosphorylases (CAZy database, 2025). 

Two proteins were represented in the GH67 family, a family of α-glucuronidases (EC 

3.2.1.131 and 3.2.1.139). Both were predicted to be secreted (Table 5.16). The 

lignocellulose-degrading GH67 family members will be discussed in detail in section 

5.3.3.7.  In the terrestrial T. stollii CLY-6 genome, two GH67 genes were encoded, neither 

of which encoded a signal peptide (Cheng et al. 2021).  

Two predicted proteins were represented in the GH79 family, both β-glucuronidases (EC 

3.2.1.31). One of the GH79 proteins was predicted to be secreted (Table 5.16). To-date, 
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all members of this family have been characterised as β-glucuronidases (CAZy database, 

2025). In the T. stollii CLY-6 genome, one GH79 member was encoded, and the gene 

also encoded a signal peptide, indicating that it may be secreted if expressed (Cheng et 

al. 2021). 

GH family 88 was represented by two predicted proteins, none of which were predicted 

to be secreted (Table 5.16). Both were predicted to be chondroitin sulphate unsaturated-

β-1,3-glucuronidases (EC 3.2.1.180). The same was true for the terrestrial T. stollii CLY-

6 genome (Cheng et al. 2021). To-date, all members of this family have been 

characterised as chondroitin sulphate unsaturated-β-1,3-glucuronidases (EC 3.2.1.180), 

gellan unsaturated-β-1,4-glucuronidase (EC 3.2.1.179) and unsaturated-β-glucuronidases 

(EC 3.2.1.-). 

Two predicted proteins were represented in the GH115 family, and one was predicted to 

be secreted (Table 5.16). Both were xylan exo-α-1,2-(4-O-Methyl)-glucuronosidases (EC 

3.2.1.131), enzymes that cleave 4-O-methyl D-glucuronic acid sidechains from 

glucuronoxylan and alduronic acids (Kolenová et al. 2010). The lignocellulose-degrading 

GH115 family members will be discussed in detail in section 5.3.3.7.  In the terrestrial T. 

stollii CLY-6 genome, one GH115 family member was encoded, and did not encode a 

signal peptide (Cheng et al. 2021). To-date all characterised members of this family have 

been arabinogalactan exo-a-1,6-(4-OMethyl)-glucuronidases (EC 3.2.1.-) or xylan exo-

α-1,2-(4-O-Methyl)-glucuronosidases (EC 3.2.1.131) (CAZy database, 2025).  

Two predicted proteins were represented in GH125, both were mannosyl-oligosaccharide 

exo-α-1,6-mannosidases (EC 3.2.1.163), and neither were predicted to be secreted (Table 

5.16). For the terrestrial T. stollii CLY-6, two GH125 members were represented in its 

genome, one of which encoded a signal peptide, indicating that it may be secreted (Cheng 

et al. 2021). All members of this family have to-date been characterised as mannosyl-

oligosaccharide exo-α-1,6-mannosidases (EC 3.2.1.163). 
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Table 5.16: GH families with two activities each predicted in the T. stollii SFI-F17 

genome. 

GH 

family 

No. of 

family 

members 

Activity/Activities 
EC 

number 

No. 

predicted 

to be 

secreted 

7 2 cellulose endo-β-1,4-glucosidase 3.2.1.4 2 

38 2 α-mannosidases 3.2.1.24 0 

42 2 α-galactosidase 3.2.1.23 0 

45 2 cellulose endo-β-1,4-glucosidase 3.2.1.4 1 

63 2 
Glc3Man9GlcNAc2 oligosaccharide 

glucosidase 
3.2.1.106 0 

65 2 1 trehalose α-1,1-glucosidase; 1 unassigned 3.2.1.28 0 

67 2 α-glucuronidase 

3.2.1.131 

or 

3.2.1.139 

2 

79 2 β-glucuronidase 3.2.1.31 1 

88 2 chondroitin hydrolases 3.2.1.180 0 

115 2 
xylan exo-α-1,2-(4-O-Methyl)-

glucuronosidase 
3.2.1.131 1 

125 2 
mannosyl-oligosaccharide exo-α-1,6-

mannosidases 
3.2.1.163 0 

132 2 SUN family glucan exo-β-1,3-glucosidase 3.2.1.58 0 

135 2 
poly-N-acetylgalactose endo-α-1,4-N-

acetylgalactosaminidases 

(EC 

3.2.1.-) 
2 

141 2 
unassigned; family contains α-L-fucosidase 

and endo-1,4-beta-xylanase 

3.2.1.51 

or 3.2.1.8 
1 

154 2 

unassigned; family contains gum arabic exo-

β-1,6-glucuronidase and allolactose exo-β-

1,6-galactosidase 

3.2.1.- 0 

 

Two proteins were represented in GH132, the SUN family of glucan exo-β-1,3-

glucosidases (EC 3.2.1.58). Neither were predicted to be secreted (Table 5.16). In 

filamentous fungi, the SUN family of glucan exo-β-1,3-glucosidases have been reported 

to be involved in fungal cell wall morphogenesis, cell wall biogenesis and stress response 
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(Pérez-Hernández et al. 2017). Two GH132 predicted proteins were also represented in 

the terrestrial T. stollii CLY-6 genome, one of which encoded a signal peptide, indicating 

that it may be secreted if expressed (Cheng et al. 2021).  

Two predicted proteins were represented in the GH135 family in the T. stollii SFI-F17 

genome. The GH135 family consists of poly-N-acetylgalactose endo-α-1,4-N-

acetylgalactosaminidases (EC 3.2.1.-), which can disrupt microbial biofilms (Bamford et 

al. 2019). Both predicted proteins were predicted to be secreted (Table 5.16). Two 

predicted GH135 family proteins were also encoded in the terrestrial T. stollii CLY-6 

genome, neither of which encoded signal peptides (CAZy database, 2025).  

Two predicted proteins were represented in GH141, with one predicted to be secreted 

(Table 5.16). Neither of the GH141 predicted proteins were assigned an activity, however 

all characterised GH141 proteins were either α-L-fucosidase (EC 3.2.1.51) or endo-1,4-

beta-xylanase (EC 3.2.1.8). The lignocellulose-degrading GH141 family members will 

be discussed in detail in section 5.3.3.7.  However, this GH family was not represented in 

the terrestrial T. stollii CLY-6 genome (Cheng et al. 2021).   

GH154 was represented by two predicted proteins, both not predicted to be secreted and 

unassigned activities (Table 5.16). However, all characterised GH154 proteins are either 

gum arabic exo-β-1,6-glucuronidases (EC 3.2.1.-) or allolactose exo-β-1,6-galactosidases 

(EC 3.2.1.-). However, this GH family was not represented in the terrestrial T. stollii 

CLY-6 genome (Cheng et al. 2021).   

One predicted protein represented GH families 6, 23, 25, 32, 33, 37, 49, 53, 74, 75, 114, 

134, 139, 162, 171 (Table 5.17). They were 1,4-β-cellobiohydrolase (EC 3.2.1.91), a 

transglycosylase SLT domain-containing protein (EC unassigned), lysozyme (EC 

3.2.1.17), sucrose β-2,1-fructosidase (EC 3.2.1.16), α-neuraminidase (EC 3.2.1.18), 

trehalose α-1,1-glucosidase (EC 3.2.1.28), arabinogalactan endo-β-1,4-galactanase (EC 

3.2.1.89), xyloglucan-specific endo- and/or exo-β-1,4-glucanase (EC 3.2.1.151 or 

3.2.1.150), chitosan endo-β-1,4-N-glucosaminase (EC 3.2.1.132), endo-α-1,4-N-

galactosaminidase (EC 3.2.1.109), mannan endo-β-1,4-mannosidase (EC 3.2.1.78), 

rhamnogalacturonan II exo-α-1,2-(2-O methyl)-fucosidase (EC 3.2.1.-), glucan endo-β-

1,2-glucosidase (EC 3.2.1.71) and peptidoglycan exo-β-1,4-N-acetylmuramidase (EC 
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3.2.1.92). In the terrestrial T. stollii CLY-6 genome, the same was true for GH families 6, 

23, 25, 32, 33, 53, 74, 75, 114, 134, 139 and 162. However, for GH families 37 and 49, 

two predicted proteins each were represented in T. stollii CLY-6 genome, while the 

GH171 family was not represented in the genome (Cheng et al. 2021). The lignocellulose-

degrading GH family members listed will be discussed in detail in section 5.3.3.7. 

Table 5.17: GH families with one activity each predicted in the T. stollii SFI-F17 genome. 

GH Family Name of protein EC Number Secreted 

6 1,4-β-cellobiohydrolase 3.2.1.91 yes 

23 
Transglycosylase SLT domain-containing 

protein 
unassigned yes 

25 lysozyme 3.2.1.17 yes 

32 sucrose β-2,1-fructosidase 3.2.1.16 no 

33 α-neuraminidase 3.2.1.18 yes 

37 trehalose α-1,1-glucosidase 3.2.1.28 no 

49 pullulan exo-α-1,4-isopanosidase 3.2.1.57 yes 

53 arabinogalactan endo-β-1,4-galactanase 3.2.1.89 yes 

74 
xyloglucan-specific endo- and/or exo-β-1,4-

glucanase. 

3.2.1.151 or 

3.2.1.150 
yes 

75 chitosan endo-β-1,4-N-glucosaminase 3.2.1.132 yes 

114 endo-α-1,4-N-galactosaminidase 3.2.1.109 yes 

134 mannan endo-β-1,4-mannosidase 3.2.1.78 yes 

139 
rhamnogalacturonan II exo-α-1,2-(2-O-

methyl)-fucosidase 
3.2.1.- yes 

162 glucan endo-β-1,2-glucosidase 3.2.1.71 no 

171 
peptidoglycan exo-β-1,4-N-

acetylmuramidase 
3.2.1.92 no 

 

Overall, these results describe the number and types of GHs encoded by T. stollii SFI-

F17. The GH repertoire was very similar between T. stollii SFI-F17 and T. stollii CLY-6, 

indicating that the two strains may have a similar ability to hydrolyse glycosides. The 

lignocellulose-degrading GHs will be discussed in more detail in section 5.3.3.7. 
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5.3.3.2 Glycosyltransferases 

GTs are enzymes that catalyse the formation of glycosidic bonds (CAZy database, 2025). 

Most of the work of GTs occurs intracellularly, particularly in the endoplasmic reticulum 

and Golgi pathway, where they often exist as transmembrane proteins (Klutts et al. 2006). 

GTs are of particular interest in the area of glycoside in vitro biosynthesis, however, and 

have been used to glycosylate narinigenin and piceid, for example, which resulted in 

glycosides that could be used in the treatment of cardiomyopathy, artherosclerosis and 

inflammation (Mora-Pale et al. 2013). GTs are also present as transmembrane proteins in 

the plasma membrane, where they synthesise polymers such as hyaluronan, chitin and 

glucan. These biomolecules form part of the extracellular matrix in fungal cells and play 

essential roles in cell wall structural integrity and pathogenicity, for example (King et al. 

2017).  

In total, there were 115 GT genes encoded in the T. stollii SFI-F17 genome (Table 5.18). 

As well as this, two genes encoding GTs were not classified into a family, and were 

referred to as GT0. By comparison, T. stollii CLY-6 produced 107 GTs (Cheng et al. 

2021), while ~80 GTs were encoded in the T. pinophilus 1-95 genome (Li et al. 2017). 

Furthermore, P. chrysosporium was reported to encode 70 GTs, less than was reported 

here (Kumar Sista Kameshwar and Qin, 2017). In terms of total GTs with a signal peptide, 

there were only six encoded in the genome, representing GT families 2, 5, 24, 32 and 71 

(Table 5.16). However, none of these were predicted to be secreted.  

The most abundant GT family represented in the T. stollii SFI-F17 genome was GT2, 

with 24 family members (Table 5.18). The GT2 family is the second-largest GT family. 

To-date, 63 activities have been recorded in this family, such as α/β-

mannosyltransferases, α-L-fucosyltransferases, β-glucosyltransferases, β-

galactosyltransferases, β-glucuronyltransferases, α-L-rhamnosyltransferases, β-glucan 

synthases, chitin synthases, hyaluronan synthases and mannuronan synthases (CAZy 

database, 2025).  
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Table 5.18: GTs encoded in the genome of T. stollii SFI-F17. 

GT Family Total 

2 24 

1 9 

4, 31 8 

32 7 

20, 34 6 

15 5 

22 4 

8, 39, 62 3 

0, 3, 5, 57, 69, 71, 90, 109 2 

21, 24, 25, 28, 33, 35, 41,48, 50, 58, 59, 66, 76 1 

Total GTs 115 

 

In the T. stollii SFI-F17 genome, ten GT2 family members were predicted to be chitin 

synthases (EC 2.4.1.16) (Table 5.19). Chitin synthases are responsible for making chitin, 

a structural polymer in the fungal cell wall and septum, and are therefore essential for 

fungal growth, cell wall integrity, and spore cell wall production (Shaw et al. 1991; 

Pammer et al. 1992). Each of the chitin synthases were predicted to function on the cell 

periphery and in the cell septum. Additionally, two of the predicted GT2 family members 

were dolichyl-phosphate β-glucosyltransferases (EC 2.4.1.117). These proteins were 

predicted to function in the endoplasmic reticulum and were predicted to carry out protein 

N-linked glycosylation. N-linked glycosylation is crucial for many processes in the cell, 

such as protein stability, secretion, activity, folding and immune responses (Ventura 

Rubio et al. 2016). Two further predicted GT2 family members were hyaluronan 

synthases (EC 2.4.1.212). These were predicted to participate in extracellular matrix 

assembly and were predicted to be transmembrane. Hyaluronan is an essential component 

of the extracellular matrix, and is important for its structural integrity. Additionally, 

hyaluronan interacts with cell surface receptors to mediate intracellular cell functions, as 

well as being involved in pathogenicity (Ding et al. 2020; Dicker et al. 2014). One of the 

predicted GT2 family proteins was dolichyl-phosphate β-D-mannosyltransferase (EC 

2.4.1.83), which was predicted to be involved in the dolichol-linked oligosaccharide 

biosynthetic process, the glycosylphosphatidylinositol (GPI)-anchor biosynthetic process 
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and protein O-linked mannosylation in the endoplasmic reticulum. Furthermore, the 

remaining predicted GT2 proteins in the T. stollii SFI-F17 genome were unassigned 

activities.  

By comparison, the terrestrial T. stollii CLY-6 encoded seventeen GT2 family members, 

seven less than was reported here. Eight of those were chitin synthases (EC 2.4.1.16), one 

was dolichyl-phosphate β-D-mannosyltransferase (EC 2.4.1.83), one was dolichyl-

phosphate β-glucosyltransferase (EC 2.4.1.117) and one was hyaluronan synthase (EC 

2.4.1.212). The rest were not assigned activities (Cheng et al. 2021). Interestingly, T. 

stollii SFI-F17 encoded two more chitin synthases (EC 2.4.1.16) and one more 

hyaluronan synthase (EC 2.4.1.212). As these enzymes are crucial for cell wall structural 

integrity, it is possible that T. stollii SFI-F17 acquired more of these genes to diversify 

the production of these enzymes, for example to increase cell-wall thickness, to tolerate 

the high hydrostatic pressure in its deep-sea environment (Zhao et al. 2024). 

Table 5.19: GT2 family proteins predicted in the T. stollii SFI-F17 genome. 

Activity EC Number Total 

Chitin synthase  2.4.1.16 10 

Dolichyl-phosphate β-glucosyltransferase  2.4.1.117 2 

Hyaluronan synthase 2.4.1.212 2 

Dolichyl-phosphate β-D-mannosyltransferase  2.4.1.83 1 

Unassigned GT2 activities - 9 

 

GT family 1 was the largest family after GT2 predicted in the T. stollii SFI-F17 genome, 

and was represented by nine predicted proteins (Table 5.20). GT family 1 is the largest 

GT family to-date, with 71 activities reported (CAZy database, 2025). In the T. stollii 

SFI-F17 genome, six GT1 predicted proteins were sterol 3-β-glucosyltransferases (EC 

2.4.1.173). These proteins produce sterol 3β-D-glucosides. Steryl glucosides form part of 

the cell membrane in fungi, and therefore can influence factors such as cell fluidity, 

mobility, hydration and permeability. In fungi, the main sterol used to produce steryl 

glucosides is ergosterol. Ergosterol 3β-D-glucoside levels in fungi increase when exposed 

to stressors such as cold or heat, but the relevance of this increase physiologically is 

currently unclear (Pereira de Sa and Del Poeta, 2022). One was a UDP-N-
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acetylglucosaminyltransferase (EC 2.4.1.-), while the remaining two predicted GT1 

proteins were not assigned activities. The terrestrial T. stollii CLY-6 genome encoded 

nine GT1 family members, the same as that reported here for T. stollii SFI-F17. Six of 

those were sterol 3-β-glucosyltransferases (EC 2.4.1.173), the same as was reported for 

T. stollii SFI-F17, while the remaining predicted GT1 family members were not assigned 

activities (Cheng et al. 2021). 

GT family 4 is currently the third largest GT family, with 59 activities reported to-date 

(CAZy database, 2025). In the T. stollii SFI-F17 genome, eight predicted proteins were 

GT family 4 members. Two GT4 predicted proteins were GDP-Man:Man3GlcNAc2-PP-

dolichol α-1,2-mannosyltransferases (EC 2.4.1.131) and were predicted be involved in 

protein N-linked glycosylation in the endoplasmic reticulum membrane. This enzyme is 

involved in the dolichol-linked oligosaccharides biosynthesis pathway, which are the 

glycan precursors employed in asparagine N-glycosylation (Rind et al. 2010). Two GT4 

family predicted proteins were phosphatidylinositol N-acetylglucosaminyltransferases 

(EC 2.4.1.198), which is important in the biosynthesis of N-acetylglucosaminyl-

phosphatidylinositol, an early intermediate in GPI-anchor synthesis (Colussi and Orlean, 

1997). One was a bifunctional α-1,3/1,6-mannosyltransferase (EC 2.4.1.257 and 

2.4.1.132), which carries out the mannosylation of Man2GlcNAc2-dolichol diphosphate 

and Man1 glcNAc2-dolichol diphosphate to form Man3GlcNAc2-dolichol diphosphate 

(Thiel et al. 2003). One was a GDP-Man:Man(1)GlcNAc(2)-PP-Dol α-1,3-

mannosyltransferase (EC 2.4.1.132). Two were UDP-GlcNAc-dolichyl-phosphate 

GlcNAc phosphotransferases (EC 2.7.8.15), which are also involved in the dolichol-

linked oligosaccharides biosynthesis pathway (Dean and Gao, 2014). The remaining 

predicted protein was not assigned an activity.  

By comparison, the terrestrial T. stollii CLY-6 encoded six GT4 family members. Of 

these, two were predicted to be α, α-trehalose phosphorylases (EC 2.4.1.231), one was 

predicted to be GDP-Man:Man3GlcNAc2-PP-dolichol α-1,2-mannosyltransferase (EC 

2.4.1.131) and one was predicted to be phosphatidylinositol N-

acetylglucosaminyltransferases (EC 2.4.1.198). One was predicted to be a bifunctional α-

1,3/1,6-mannosyltransferase (EC 2.4.1.257 and 2.4.1.132), the same as in the T. stollii 

SFI-F17 genome, while one GT4 member was unassigned an activity (Cheng et al. 2021). 
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Interestingly, T. stollii SFI-F17 did not encode proteins with α, α-trehalose phosphorylase 

(EC 2.4.1.231) activity, suggesting that there may be differences in trehalose metabolism 

between the two fungal strains (Elbein, 2010).  

Table 5.20: GT1, GT4 and GT31 proteins predicted in the T. stollii SFI-F17 genome. 

Activity  GT Family EC Number Total 

Sterol 3-β-glucosyltransferase  1 2.4.1.173 6 

UDP-N-acetylglucosaminyltransferase   1 2.4.1.- 1 

Unassigned activities  1 - 2 

GDP-Man:Man3GlcNAc2-PP-dolichol α-

1,2-mannosyltransferase 

 
4 2.4.1.131 2 

Phosphatidylinositol N-

acetylglucosaminyltransferase 

 
4 2.4.1.198 2 

UDP-GlcNAc-dolichyl-phosphate GlcNAc 

phosphotransferase 

 
4 2.7.8.15 1 

α-1,3/1,6-mannosyltransferase 
 

4 
2.4.1.257 and 

2.4.1.132 
1 

GDP-Man:Man(1)GlcNAc(2)-PP-Dol α-1,3-

mannosyltransferase 

 
4 2.4.1.132 1 

Unassigned activities  4 - 1 

Glycoprotein-N-acetylgalactosamine 3-β-

galactosyltransferase 

 
31 2.4.1.122 6 

β-galactofuranoside β-1,5-

galactofuranosyltransferase  

 
31 2.4.1.- 1 

Unassigned activities  31 - 1 

 

Like GT family 4, GT family 31 was also represented by eight predicted proteins in the 

T. stollii SFI-F17 genome (Table 5.20). This family has 16 activities identified to-date, 

including β-galactosyltransferases, β-glucosyltransferases, β-

acetylgalatosaminyltransferases, β-glucuronosyltransferases and β-

acetylglucosaminyltransferases (CAZy database, 2025). In the T. stollii SFI-F17 genome, 

six GT family 31 predicted proteins were glycoprotein-N-acetylgalactosamine 3-β-

galactosyltransferases (EC 2.4.1.122), which are involved in the O-glycan synthesis 

pathway (Zemkollari et al. 2023). One predicted protein was a β-galactofuranoside β-1,5-
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galactofuranosyltransferase (EC 2.4.1.-), which is involved in the biosynthesis of fungal 

cell wall β-(1→5)-galactofuranosyl oligosaccharides (Oka et al. 2024), and the remaining 

predicted protein was not assigned an activity but contained a fringe-like 

glycosyltransferase domain (IPR003378). By comparison, the terrestrial T. stollii CLY-6 

genome encoded six predicted GT31 family members, and encoded the same repertoire 

of GT31 proteins as T. stollii SFI-F17 (Cheng et al. 2021).  

In GT family 32, there were seven proteins predicted (Table 5.21). Five of these were 

predicted to be α-1,6-mannosyltransferases (EC 2.4.1.232) involved in protein N-linked 

glycosylation as part of the mannan polymerase complex in the Golgi apparatus, while 

two were not assigned an activity, but were glycosyltransferase domain-containing 

proteins (IPR051706). By comparison, six GT32 predicted proteins were encoded in the 

T. stollii CLY-6 genome, one less than was reported here, but the repertoire encoded was 

the same as that for T. stollii SFI-F17. 

GT families 20 and 34 were represented by six predicted proteins each in the T. stollii 

SFI-F17 genome (Table 5.21). In GT family 20, five predicted proteins were α,α-

trehalose-phosphate synthase (EC 2.4.1.15), and one was trehalose-phosphatase (EC 

3.1.3.12), both of which are involved in trehalose synthesis. Trehalose is a disaccharide 

that plays important roles during certain cell stress responses and as an energy source 

(Washington, 2025). In GT family 34, none of the six predicted proteins were assigned 

activities, but to-date all members of this family have been characterised as either α-

galactosyltransferases (EC 2.4.1.-) or xyloglucan α-1,6-xylosyltransferases (EC 

2.4.2.39). By comparison, T. stollii CLY-6 encoded six GT20 family members, five 

which were α,α-trehalose-phosphate synthase (EC 2.4.1.15), and one trehalose-

phosphatase (EC 3.1.3.12), the same as T. stollii SFI-F17. There were also four GT34 

family members predicted to be encoded in the T. stollii CLY-6 genome, two less than 

reported here, and none of these were assigned activities (Cheng et al. 2021). 

GT family 15 was represented by five predicted proteins in the T. stollii SFI-F17 genome 

(Table 5.21). Of these, four were GDP-Man:Man3GlcNAc2-PP-dolichol α-1,2-

mannosyltransferases (EC 2.4.1.131). The remaining GT15 family member was predicted 

to be an O-glycoside α-1,2-mannosyltransferase (EC 2.4.1.-). GT family 22 was 

represented by four predicted proteins. Two were GPI-mannosyltransferases (EC 2.4.1.-
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), which were predicted to be involved in the GPI-anchor biosynthetic process in the 

endoplasmic reticulum. One was a bifunctional α-1,2-mannosyltransferase alg9 (EC 

2.4.1.259 and 2.4.1.261), and one was predicted to be Dol-P-Man:Man(7)GlcNAc(2)-PP-

Dol α-1,6-mannosyltransferase Alg12 (EC 2.4.1.260), both of which were predicted to be 

involved in protein N-linked glycosylation in the endoplasmic reticulum. By comparison, 

in the T. stollii CLY-6 genome, five GT15 family members were predicted, with four of 

these predicted to be GDP-Man:Man3GlcNAc2-PP-dolichol α-1,2-mannosyltransferases 

(EC 2.4.1.131), the same as was reported here for T. stollii SFI-F17. The remaining one 

were not assigned an activity. For GT family 22, T. stollii CLY-6 encoded four predicted 

family members, all of which had the same predicted activities as was reported for T. 

stollii SFI-F17 (Cheng et al. 2021). 

Table 5.21: GT families with 4-7 predicted proteins in the T. stollii SFI-F17 genome. 

Activity  GT Family EC Number Total 

α-1,6-mannosyltransferase   32 2.4.1.232 5 

Unassigned activities   32 - 2 

α,α-trehalose-phosphate synthase   20 2.4.1.15 5 

Trehalose-phosphatase  20 3.1.3.12 1 

Unassigned activities  34 - 6 

GDP-Man:Man3GlcNAc2-PP-dolichol α-

1,2-mannosyltransferase 

 
15 2.4.1.131 4 

O-glycoside α-1,2-mannosyltransferase   15 2.4.1.- 1 

GPI-mannosyltransferase  22 2.4.1.- 2 

Bifunctional α-1,2-mannosyltransferase alg9 
 

22 
2.4.1.259 and 

2.4.1.261 
1 

Dol-P-Man:Man(7)GlcNAc(2)-PP-Dol α-

1,6-mannosyltransferase Alg12 

 
22 2.4.1.260 1 

 

GT families 8, 39 and 62 were represented by three predicted proteins each in the T. stollii 

SFI-F17 genome (Table 5.22). In GT family 8, one predicted protein was glycogenin (EC 

2.4.1.186), which is involved in glycogen synthesis (Loza and Doering, 2024), one was 

glucose N-acetyltransferase 1 (EC 2.4.1.-), and one was not assigned an activity. In GT 

family 39, all were predicted to be dolichyl-phosphate-mannose--protein 
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mannosyltransferases (EC 2.4.1.109), which initiate O-mannosylation in the endoplasmic 

reticulum (Loibl and Strahl, 2013). In GT family 62, one member was predicted to be a 

GDP-Man:Man2GlcNAc2-PP-dolichol α-1,6-mannosyltransferase (EC 2.4.1.257), and 

two were α-1,6-mannosyltransferases (EC 2.4.1.-). All three of the GT62 proteins were 

predicted to be involved in protein N-linked glycosylation and form a subunit of the 

mannan polymerase complex in the Golgi apparatus. By comparison, the T. stollii CLY-

6 genome encoded three GT family 8 predicted proteins, the same as was reported here 

for T. stollii SFI-F17. Of these, one predicted protein was glycogenin (EC 2.4.1.186) and 

the remaining two were not assigned activities (Cheng et al. 2021). In GT family 39, the 

three predicted proteins were dolichyl-phosphate-mannose--protein 

mannosyltransferases (EC 2.4.1.109), the same as in T. stollii SFI-F17. Three proteins 

were predicted to be GT62 family members, one of which was a GDP-

Man:Man2GlcNAc2-PP-dolichol α-1,6-mannosyltransferase (EC 2.4.1.257), while the 

remaining two were not assigned activities (Cheng et al. 2021). 

GT families 0, 3, 5, 57, 69, 71, 90, 109 were represented by two predicted proteins each 

in the T. stollii SFI-F17 genome (Table 5.22). Both of the GT0 family members were 

predicted to be afumC-like glycosyltransferases (EC 2.4.1-), which are O-

glycosyltransferases and are involved in the biosynthesis of fungal metabolites (Ma et al. 

2019). In GT family 3, one was predicted to be a glycogen synthase (EC 2.4.1.11), 

predicted to function in the cell cytoplasm, and the other was predicted to be an 

anthranilate phosphoribosyltransferase (EC 2.4.2.18), which is involved in tryptophan 

biosynthesis (Li, M. et al. 2023). In GT family 5, both predicted proteins were α-1,3-

glucan synthases (EC 2.4.1.183), predicted to synthesise α-1,3-glucan in the fungal cell 

wall. α-1,3-glucan polymers, along with chitin and β-1,3-glucan, form the fungal cell 

wall. α-1,3-glucan in particular contributes to fungal cell wall rigidity and virulence 

(Kang et al. 2018). In GT family 57, one was predicted to be a dolichyl-P-

Glc:Glc1Man9GlcNAc2-PP-dolichol α-1,3-glucosyltransferase (EC 2.4.1.265), while the 

other was predicted to be a dolichyl-P-Glc:Man9GlcNAc2-PP-dolichol α-1,3-

glucosyltransferase (EC 2.4.1.267), both of which were predicted to be involved in 

protein N-linked glycosylation in the endoplasmic reticulum. In GT family 69, both were 

predicted to be GDP-Man: α-1,3-mannosyltransferases (EC 2.4.1.-). In GT family 71, one 

protein was predicted to be an α-1,2-mannosyltransferase (EC 2.4.1.-) involved in protein 
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glycosylation in the Golgi apparatus, and the other was predicted to be an α-1,3-

mannosyltransferase (EC 2.4.1.-) involved in protein O-linked glycosylation in the Golgi 

apparatus. In GT family 90, both predicted proteins were O-glycosyltransferases (EC 

2.4.1.-), but were not assigned specific activities. However, only three activities have been 

identified in GT90 to-date: UDP-Glc: protein O-β-glucosyltransferase (EC 2.4.1.-), 

(mannosyl) glucuronoxylomannan/galactoxylomannan β-1,2-xylosyltransferase (EC 

2.4.2.-), and UDP-Xyl: protein O-β-xylosyltransferase (EC 2.4.2.-) (CAZy database, 

2025). In GT family 109, both proteins were identified as UDP-GalNAc: β-1,4-N-

acetylgalactosaminyltransferases (EC 2.4.1.-) involved in O-glycosylation.  

By comparison, the terrestrial T. stollii CLY-6 encoded four proteins that were not 

assigned a GT family (GT0), and all were predicted to be AfumC-like 

glycosyltransferases (EC 2.4.1.-), two more than was predicted in the T. stollii SFI-F17 

genome. One GT3 family member was predicted to be present and was a glycogen 

synthase (EC 2.4.1.11). Two GT5 family members were predicted to be α-1,3-glucan 

synthases (EC 2.4.1.183), the same as for T. stollii SFI-F17. The two predicted GT family 

57 members were dolichyl-P-Glc:Glc1Man9GlcNAc2-PP-dolichol α-1,3-

glucosyltransferase (EC 2.4.1.265), and dolichyl-P-Glc:Man9GlcNAc2-PP-dolichol α-

1,3-glucosyltransferase (EC 2.4.1.267). The two predicted GT69 family members were 

predicted to be GDP-Man: α-1,3-mannosyltransferases (EC 2.4.1.-), while one GT71 

family member was predicted as an α-mannosyltransferase (EC 2.4.1.-). Two GT90 

family members were predicted and were not assigned activities, and  two GT109 family 

members were predicted to be UDP-GalNAc: β-1,4-N-acetylgalactosaminyltransferases 

(EC 2.4.1.-) (Cheng et al. 2021).   
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Table 5.22: GT families with 2-3 predicted proteins in the T. stollii SFI-F17 genome. 

Activity  GT Family EC Number Total 

Glycogenin   8 2.4.1.186 1 

Glucose N-acetyltransferase   8 2.4.1.- 1 

Unassigned activity  8 - 1 

Dolichyl-phosphate-mannose--protein 

mannosyltransferase 

 
39 2.4.1.109 3 

GDP-Man:Man2GlcNAc2-PP-dolichol α-

1,6-mannosyltransferase  

 
62 2.4.1.257 1 

α-1,6-mannosyltransferase  62 2.4.1.- 2 

AfumC-like glycosyltransferase  0 2.4.1.- 2 

Glycogen synthase  3 2.4.1.11 1 

Anthranilate phosphoribosyltransferase  3 2.4.2.18 1 

α-1,3-glucan synthase   5 2.4.1.183 2 

Dolichyl-P-Glc:Glc1Man9GlcNAc2-PP-

dolichol α-1,3-glucosyltransferase 

 
57 2.4.1.265 1 

Dolichyl-P-Glc:Man9GlcNAc2-PP-dolichol 

α-1,3-glucosyltransferase 

 
57 2.4.1.267 1 

GDP-Man: α-1,3-mannosyltransferase   69 2.4.1.- 2 

α-1,2-mannosyltransferase  71 2.4.1.- 1 

α-1,3-mannosyltransferase  71 2.4.1.- 1 

O-glycosyltransferase  90 2.4.1.- 2 

UDP-GalNAc: β-1,4-N-

acetylgalactosaminyltransferase 

 
109 2.4.1.- 2 

 

GT families represented by one predicted protein were 21, 24, 25, 28, 33, 35, 41, 48, 50, 

58, 59, 66 and 76 in the T. stollii SFI-F17 genome (Table 5.23). In GT family 21, the 

family member was predicted to be ceramide glucosyltransferase (EC 2.4.1.80), which is 

predicted to be involved in the glucosylceramide biosynthetic process. In GT family 24, 

the family member was predicted to be a UDP-glucose:glycoprotein glucosyltransferase 

(EC 2.4.1.-), while in GT family 25, an activity was not assigned to the predicted family 

member. In GT family 28, the family member was predicted to be an N-

acetylglucosaminyldiphosphodolichol N-acetylglucosaminyltransferase (EC 2.4.1.141) 
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involved in the dolichol-linked oligosaccharide biosynthetic process as part of the UDP-

N-acetylglucosamine transferase complex. In GT family 33, the predicted family member 

was a chitobiosyldiphosphodolichol β-mannosyltransferase (EC 2.4.1.141), which is 

involved in protein glycosylation in the endoplasmic reticulum. In GT family 35, the 

predicted protein was a glycogen phosphorylase (EC 2.4.1.1), which was predicted to 

function as part of the glycogen catabolic process in the cell cytosol. In GT family 41, the 

predicted protein was a UDP-N-acetylglucosamine--peptide N-

acetylglucosaminyltransferase (EC 2.4.1.255), which is involved in protein O-linked 

glycosylation. In GT family 48, the predicted protein was a transmembrane 1,3-β-glucan 

synthase (EC 2.4.1.34), which is involved in the fungal-type cell wall polysaccharide 

biosynthetic process in the plasma membrane. In GT family 50, the predicted protein was 

a dolichyl-P-man α-1,4-mannosyltransferase (EC 2.4.1.-), which is involved in GPI-

anchor biosynthesis in the endoplasmic reticulum. In GT family 58, the predicted protein 

was a dolichyl-P-Man:Man5GlcNAc2-PP-dolichol α-1,3-mannosyltransferase (EC 

2.4.1.258), which is involved in protein glycosylation in the endoplasmic reticulum. In 

GT family 59, the predicted protein dolichyl-P-Glc:Glc2Man9GlcNAc2-PP-dolichol α-

1,2-glucosyltransferase (EC 2.4.1.256), which is involved in protein N-linked 

glycosylation in the endoplasmic reticulum. In GT family 66, the predicted protein was 

dolichyl-diphosphooligosaccharide-protein glycotransferase (EC 2.4.99.18), which is 

involved in protein N-linked glycosylation in the endoplasmic reticulum. Lastly, the GT 

family 76 family member was predicted to be an α-1,6-mannosyltransferase (EC 2.4.1.-), 

which is involved in the GPI-anchor biosynthetic process. When compared to the 

terrestrial T. stollii CLY-6 genome, the GT families with one family member were the 

same as reported for T. stollii SFI-F17, as were the predicted activities for each predicted 

family member (Cheng et al. 2021). 

Overall, this section describes in detail the GT family predicted proteins represented in 

the genome of T. stollii SFI-F17. They are largely located in the endoplasmic reticulum, 

the Golgi apparatus and the plasma membrane, carrying out protein N- and O-linked 

glycosylation and synthesising polymers for the extracellular matrix. Furthermore, when 

comparing the terrestrial T. stollii strain CLY-6 with T. stollii SFI-F17, seven less GT2s, 

two less GT4, GT31 and GT34 family members, and one less GT3, GT31 and GT71 

family member was predicted to be produced when compared to T. stollii SFI-F17. All 
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other families were represented by the same number of GTs (Cheng et al. 2021). As 

mentioned previously, of note was that T. stollii SFI-F17 encodes more chitin and 

hyaluronan synthases than its terrestrial counterpart, enzymes crucial for cell wall 

integrity, and acquiring these genes may have been an adaptation to high hydrostatic 

pressure in the deep-sea environment. Furthermore, the differences in genes encoding for 

proteins responsible for protein N- and O-linked glycosylation may suggest adaptations 

in protein glycosylation by T. stollii SFI-F17. As glycosylation influences protein 

structure, function and stability, this may have been an adaptation by T. stollii SFI-F17 to 

allow its proteins to withstand the extreme conditions of the deep-sea, such as high 

pressure, low temperatures and salinity (Solá et al. 2009; Guan et al. 2012). 

Table 5.23: GT families with one predicted protein in the T. stollii SFI-F17 genome. 

Activity GT Family EC Number 

Ceramide glucosyltransferase  21 2.4.1.80 

UDP-glucose:glycoprotein glucosyltransferase  24 2.4.1.- 

Unassigned activity  25 2.4.1.- 

N-acetylglucosaminyldiphosphodolichol N-

acetylglucosaminyltransferase 
28 2.4.1.141 

Chitobiosyldiphosphodolichol β-

mannosyltransferase 
33 2.4.1.142 

Glycogen phosphorylase  35 2.4.1.1 

UDP-N-acetylglucosamine--peptide N-

acetylglucosaminyltransferase 
41 2.4.1.255 

1,3-β-glucan synthase 48 2.4.1.34 

Dolichyl-P-Man α-1,4-mannosyltransferase 50 2.4.1.- 

Dolichyl-P-Man:Man5GlcNAc2-PP-dolichol α-1,3-

mannosyltransferase 
58 2.4.1.258 

Dolichyl-P-Glc:Glc2Man9GlcNAc2-PP-dolichol α-

1,2-glucosyltransferase  
59 2.4.1.256 

Dolichyl-diphosphooligosaccharide—protein 

glycotransferase  
66 2.4.99.18 

α-1,6-mannosyltransferase  76 2.4.1.- 
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5.3.3.3 Polysaccharide Lyases 

GHs and PLs are the two types of enzymes that are involved in breaking the O-linkage 

between two sugar molecules. However, while GHs use hydrolysis to break the anomeric 

C1-O bond, PLs cleave bonds in polysaccharide chains that specifically contain uronic 

acids using a β-elimination mechanism, which generates an unsaturated hexuronic acid 

residue and a reducing end. Examples of such polysaccharides degraded by PLs are 

alginate, xanthan, pectin, glucuronan and ulvan (Garron and Cygler, 2014; CAZy 

database, 2025).  

In the T. stollii SFI-F17 genome, there were seven predicted PLs encoded. Three of these 

were members of PL family 1, while in families PL17, PL20, PL26 and PL35, there was 

one predicted protein in each, respectively (Table 5.24). The PL family 1 predicted 

proteins were two pectate lyases (EC 4.2.2.2), and one pectin lyase (EC 4.2.2.10), all of 

which were predicted to be secreted. Pectate lyases play a role in the degradation of the 

plant cell wall, where they cleave de-esterified pectin (Marín-Rodríguez et al. 2002), 

while pectin lyases cleave the methylated polygalacturonic acid backbone of esterified 

pectin (Eck, 2013). The PL family 17 member was predicted to be an exo-oligoalginate 

lyase (EC 4.2.2.26), which plays a role in degrading alginate, the most abundant 

polysaccharide in brown algae, but was not predicted to be secreted (Zhu and Yin, 2015). 

The predicted protein in PL family 20 was glucuronan lyase (EC 4.2.2.14), which 

degrades the polymer glucuronan, a polymer that has only been identified to-date in just 

a few organisms, such as green algae, Mucor and Rhizobium species, and was predicted 

to be secreted (Pilgaard et al. 2022). The predicted protein in PL family 26 was exo-

unsaturated rhamnogalacturonan lyase (EC 4.2.2.24), which degrades unsaturated 

rhamnogalacturonan polymers, components of pectin found in plant cell walls (Ochiai et 

al. 2007), and the PL35 family protein was not assigned an activity. The PL26 and PL35 

family members were not predicted to be secreted. However, all members of family PL35 

have to-date been characterised as glyosaminoglycans (GAGs), specifically hyaluronate 

lyase (EC 4.2.2.1), heparin sulfate lyase (EC 4.2.2.8) or chondroitin lyase (EC 4.2.2.-) 

(CAZy database, 2025). GAGs are linear, negatively charged polysaccharides that are 

abundant on the cell surface and in the extracellular matrix, which are involved in cell 

signalling, extracellular matrix assembly, and interactions between cells, for example 
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(Perez et al. 2023).   Furthermore, predicted proteins from PL families 1 and 20 were 

predicted to be secreted by T. stollii SFI-F17, while those from the PL families 17, 26 and 

35 were not.   

Table 5.24: PLs encoded in the genome of T. stollii SFI-F17.  

Activity PL Family EC Number Total Secreted 

Pectate lyase 1 4.2.2.2 2 Yes 

Pectin lyase  1 4.2.2.10 1 Yes 

Exo-oligoalginate lyase 17 4.2.2.26 1 No 

Glucuronan lyase 20 4.2.2.14 1 Yes 

Exo-unsaturated 

rhamnogalacturonan lyase 
26 4.2.2.24 1 

No 

Not assigned  35 - 1 No 

 

When compared to T. stollii SFI-F17, the terrestrial T. stollii CLY-6 encodes four PLs, 

including three PL1 family members consisting of two pectate lyases (EC 4.2.2.2) and 

one pectin lyase (EC 4.2.2.10), and one PL family 20 glucuronan lyase (EC 4.2.2.14). All 

were predicted to be secreted (Cheng et al. 2021). Furthermore, T. pinophilus 1-95 

encodes ~15 PLs, representing five different PL families. In PL family 1, one pectate 

lyase (EC 4.2.2.2) and one pectin lyase (EC 4.2.2.10) were predicted to be secreted. 

Additionally, one protein each from PL families 7, 20 and 22 were predicted to be 

secreted, with none of them being assigned an activity (Li et al. 2017). However, to-date, 

the activities characterised in these families are alginate lyases (EC 4.2.2.-), pectate lyases 

(EC 4.2.2.6 and EC 4.2.2.9) or glucuronan lyase (EC 4.2.2.14) (CAZy database, 2025).  

Other lignocellulolytic fungal strains outside of the Talaromyces genus, such as 

Trichoderma parareesei, T. reesei, Phanaerochate chrysosporium and R. emersonii, 

encode six, six, two and two PLs, respectively (Kumar Sista Kameshwar and Qin, 2017; 

Pilgaard et al. 2022; Steindorff et al. 2024). T. parareesei and T. reesei encode two PL7, 

one PL8, two PL20 and one PL38 family members each (Pilgaard et al. 2022), P. 

chrysosporium encodes one PL8 and one PL14 family member (Kumar Sista Kameshwar 

and Qin, 2017), and R. emersonii encodes one PL7 and one PL42 family member 

(Steindorff et al. 2024). When compared to the above fungi, T. stollii SFI-F17 was the 
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only one to encode the PL17 family member exo-oligoalginate lyase (EC 4.2.2.26), which 

is involved in the degradation of alginate, found in marine brown algae (Abhilash and 

Thomas, 2017). Therefore, this gene may have been acquired as a result of T. stollii SFI-

F17s marine environment. 

5.3.3.4 Carbohydrate Esterases 

CEs are the class of CAZymes that are responsible for catalysing the removal of the -O 

or -N ester-bonded modifications of substituted saccharides, facilitating the subsequent 

action of GHs on complex polysaccharides. Therefore, CEs such as feruloyl esterase, 

pectinesterase, acetylxylan esterase and chitin deacetylase make up essential components 

of a complete plant cell wall or chitin degradation system (Armendáriz-Ruiz et al. 2018; 

CAZy database, 2025). The role of acetylxylan esterases (EC 3.1.1.72) and feruloyl 

esterases (EC 3.1.1.73) in lignocellulose degradation are discussed in section 5.3.3.7. 

Pectin methylesterases (EC 3.1.1.11) hydrolyse methyl groups on homogalacturonan 

chains, while pectin acetylesterases (EC 3.1.1.-) hydrolyse acetyl groups on 

homogalacturonan and rhamnogalacturonan chains of pectin. These are of particular 

importance in gymnosperms and dicot plants, in which pectin makes up a large proportion 

of the cell wall. For example, the cell walls of dicots are estimated to be composed of 

35% pectin (Armendáriz-Ruiz et al. 2018). Chitin deacetylases (EC 3.5.1.41) hydrolyse 

the acetamido group present in the N-acetylglucosamine chains that make up chitin. 

Chitin is found in the cell walls of fungi, as well as the exoskeletons of many 

invertebrates, and is the second most abundant polysaccharide on earth after cellulose 

(Armendáriz-Ruiz et al. 2018). 

In the T. stollii SFI-F17 genome, twenty-eight CE family members were predicted. These 

were classified into nine different CE families (Table 5.25). The largest CE family with 

seven members was CE4, including two chitin deacetylases (EC 3.5.1.41), three 

polysaccharide deacetylases (EC 3.5.1.-), one acetylxylan esterase (EC 3.1.1.72), and one 

peptidoglycan deacetylase (EC 3.5.1.-). None of the CE4 family members were predicted 

to be secreted. The second largest family was CE1 with five members, including three 

feruloyl esterases (EC 3.1.1.73), one acetylxylan esterase (EC 3.1.1.72) and one s-

formylglutathione hydrolase (EC 3.1.2.12). S-formylglutathione is hydrolysed to formate 

and glutathione by s-formylglutathione hydrolase, and is involved in the formaldehyde 
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detoxification process (Hwang et al. 2023). In the CE1 family, the feruloyl esterases and 

acetylxylan esterase were predicted to be secreted, while the s-formylglutathione 

hydrolase was not. There were four each of CE5 and CE16 family members. The CE5 

family members were one acetylxylan esterase (EC 3.1.1.72), one cutinase (EC 3.1.1.74), 

and two acetylxylan esterases or cutinases (EC 3.1.1.72 or 3.1.1.74), and all were 

predicted to be secreted. The CE16 members were all acetylesterases (EC 3.1.1.6) and 

three of those were predicted to be secreted. There were three CE8 family members, all 

of which were predicted to be secreted pectinesterases (EC 3.1.1.11), and two CE12 

family members, both of which were predicted to be rhamnogalacturan acetylesterases 

(EC 3.1.1.86), one of which was predicted to be secreted. There was one each of CE2, 

CE3 and CE9 family members. The CE2 family member was predicted to be a secreted 

acetylxylan esterase (EC 3.1.1.72), the CE3 family member was predicted to be either 

acetylxylan esterase (EC 3.1.1.72) or acetylesterase (EC 3.1.1.6) and the CE9 family 

member was predicted to be N-acetylglucosamine-6-phosphate deacetylase (EC 

3.5.1.25). The CE3 and CE9 family members were not predicted to be secreted.  

T. stollii SFI-F17 encoded the same number of CE family members than the terrestrial T. 

stollii CLY-6 i.e. 28 CE family members. In fact, each of the CE protein predictions was 

the exact same between the two fungal strains (Cheng et al 2021). Furthermore, outside 

of the Talaromyces genus, P. chrysosporium was reported to encode 20 CEs, consisting 

of four CE1 and CE4, two CE8, one CE9, two CE15 and seven CE16 family members 

(Kumar Sista Kameshwar and Qin, 2017). Another industrially utilised fungal strain, R. 

emersonii, was predicted to encode just eleven CE family members, consisting of one 

CE1 and CE4, four CE5, one CE8, CE9, CE15, CE16 and CE18 family members 

(Steindorff et al. 2024). Overall, T. stollii SFI-F17 did not appear to have acquired CE 

genes in response to its deep-sea environment, as the predicted CE family proteins were 

the same as those predicted for the terrestrial T. stollii CLY-6 strain. 
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Table 5.25: CEs encoded in the genome of T. stollii SFI-F17. 

Activity EC Number Family Total Secreted 

Feruloyl esterase 3.1.1.73 
CE1 

CE1 + CBM1 

2 

1 

2 

1 

S-formylglutathione hydrolase 3.1.2.12 CE1 1 0 

Acetylxylan esterase 3.1.1.72 

CE1 

CE2 + CBM1 

CE4 

CE5 + CBM1 

1 

1 

1 

1 

1 

1 

0 

1 

Either acetylxylan esterase or cutinase 
3.1.1.72 or 

3.1.1.74 
CE5 2 2 

Either acetylxylan esterase or 

acetylesterase 

3.1.1.72 or 

3.1.1.6 
CE3 1 0 

Chitin deacetylase 3.5.1.41 
CE4 

CE4 + CBM18 

1 

1 

0 

1 

Peptidoglycan deacetylase 3.5.1.- CE4 1 0 

Polysaccharide deacetylase 3.5.1.- CE4 3 1 

Cutinase 3.1.1.74 CE5 1 1 

Pectinesterase 3.1.1.11 CE8 2 2 

Bifunctional pectinesterase and 

endopolygalacturonase 

3.1.1.11 and 

3.2.1.15 
CE8 + GH28 1 1 

N-acetylglucosamine-6-phosphate 

deacetylase  
3.5.1.25 CE9 1 0 

Rhamnogalacturonan acetylesterase 3.1.1.86 CE12 2 1 

Acetylesterase 3.1.1.6 CE16 4 3 

 

5.3.3.5 Auxiliary Activities 

AAs include redox enzymes that act in cooperation with CAZymes. They include 

enzymes that degrade lignin, such as lignin peroxidase (EC 1.11.1.14) and laccase (EC 

1.10.3.2), and lytic polysaccharide monooxygenases (LPMOs), such as lytic chitin 

monooxygenase (EC 1.14.99.53), which oxidatively degrade polysaccharides (CAZy 

database, 2025). The role of LPMOs in cellulose degradation and lignin-degrading 

enzymes in lignin degradation are described in section 5.3.3.7. AA families 1-8 and 12 



 

227 

 

 

represent lignin-degrading enzymes, while families 9-11 and 13-17 represent LPMOs 

(CAZy database, 2025). In this section, the AAs encoded in the T. stollii SFI-F17 genome 

are discussed. 

In total, there were seventy-eight genes encoding AAs in the genome of T. stollii SFI-

F17, representing ten different families (Table 5.26). For lignin-degrading enzymes, there 

were fourteen enzymes present in AA1, including eleven laccases (EC 1.10.3.2), with 

seven predicted to be secreted, while the other three proteins were broadly predicted to 

be multicopper oxidases (EC 1.-), with one predicted to be secreted. The contribution of 

laccases to lignin degradation is discussed in section 5.3.3.7. 

Family AA2 had two enzymes assigned to it, and both were assigned as class I 

peroxidases (EC 1.11.1.-). Neither was predicted to be secreted. To-date, family AA2 is 

represented by ascorbate peroxidase (EC 1.11.1.11), manganese peroxidase (EC 

1.11.1.13), lignin peroxidase (EC 1.11.1.14), versatile peroxidase (EC 1.11.1.16) and 

cytochrome-c peroxidase (EC 1.11.1.5) (CAZy database, 2025). These haem peroxidases 

all use hydrogen peroxide (H2O2) as an oxidant but utilise different methods to degrade 

substrates (Bissaro et al. 2018). Of these, ascorbate peroxidase and cytochrome-c 

peroxidase are class I peroxidases. Ascorbate peroxidase, for example, has been 

implicated in oxidative phenylpropanoid polymerisation of plant cell walls to fortify them 

as a stress response (Zhang et al. 2023). Interestingly, while ascorbate peroxidases have 

been generally characterised as functioning exclusively intracellularly and in plants, algae 

and photosynthetic protists only (Zhang et al. 2023), a secreted fungal ascorbate 

peroxidase has very recently been reported to be involved in pathogenicity in rice (Liu et 

al. 2025), widening the scope of the role of ascorbate peroxidases in nature. Cytochrome 

c peroxidase, on the other hand, has been described as being widely distributed in fungi 

and bacteria, intracellular and secreted, with roles in preventing H2O2 toxicity, fungal 

pathogenicity and sexual reproduction/filamentation (Yang et al. 2022; Cai et al. 2023).  

The glucose-methanol-choline (GMC) oxidoreductase superfamily, assigned to the AA3 

family, and copper radical oxidase superfamily, assigned to the AA5 family, are H2O2-

producing enzymes. In the T. stollii SFI-F17 genome, there were nineteen predicted 

enzymes assigned to the AA3 family, including three glucose oxidases (EC 1.1.3.4), one 

alcohol oxidase (EC 1.1.3.13), and one ecdysone oxidase (EC 1.1.3.16). The remaining 
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fourteen AA3 enzymes were broadly classified as GMC oxidoreductases, with two 

predicted to be secreted. The glucose oxidases and ecdysone oxidase were also predicted 

to be secreted. Two enzymes were assigned to the AA5 family, with one of these having 

galactose oxidase activity (EC 1.1.3.9), and the other a glyoxal oxidase (EC 1.2.3.15). 

The role of AA3 and AA5 enzymes in lignin degradation is discussed further in section 

5.3.3.7. 

All three of the AA4 family members were vanillyl-alcohol oxidases (EC 1.1.3.38). The 

AA4 family is only represented by vanillyl-alcohol oxidase to-date, and only two proteins 

have been characterised in this family from P. simplicissimum and Diplodia corticola 

(Eggerichs et al. 2023; CAZy database, 2025). For family AA6 members, the two 

predicted proteins were p-benzoquinone reductases (EC 1.6.5.6), which is the only 

activity reported for family AA6 to-date (CAZy database, 2025).  Both AA4 and AA6 

family members are described further in section 5.3.3.7. 

There were twenty-eight enzymes included in the AA7 family. One of these was predicted 

to be D-arabinono- 1,4-lactone oxidase (EC 1.1.3.37), and was not predicted to be 

secreted. D-arabinono- 1,4-lactone oxidase catalyses the final step in D-erythroascorbic 

acid biosynthesis (Huh et al. 1994), which may have antioxidant and pathogenic functions 

as well as a role in conidiogenesis (Wu et al. 2022). The remaining twenty-seven AA7 

family members were broadly predicted to be FAD-linked oxidoreductases (EC 1.1.3.-), 

with twelve of these predicted to be secreted. To-date, the AA7 family has either chito-, 

gluco- and xylo-oligosaccharide oxidase, α-1,4-oligogalacturonide oxidase, galacturonic 

acid/glucuronic acid dehydrogenase, or cellooligosaccharide dehydrogenase activities 

(CAZy database, 2025). For family AA8, the three predicted proteins were cellobiose 

dehydrogenase cytochrome-domain containing proteins, with none of these predicted to 

be secreted. Each predicted protein also had a cytochrome b561/ferric reductase 

transmembrane domain at the C-terminal. On the CAZy database, four protein structures 

from this family have been solved- three cellobiose dehydrogenases and one 

pyrroloquinoline quinone-dependent oxidoreductase (CAZy database, 2025), none of 

which have the same domain architecture as the predicted AA8 proteins encoded by T. 

stollii SFI-F17.  

 



 

229 

 

 

Table 5.26: AAs encoded in the genome of T. stollii SFI-F17. 

AA Family Activities EC Number Total Secreted 

7 
FAD-linked oxidoreductase 

D-arabinono- 1,4-lactone oxidase 

1.1.3.- 

1.1.3.37 

27 

1 

12 

1 

3 

GMC oxidoreductase 

Glucose oxidase 

Alcohol oxidase 

Ecdysone oxidase 

1.1.- 

1.1.3.4 

1.1.3.13 

1.1.3.16 

14 

3 

1 

1 

2 

3 

0 

1 

1 
Laccase 

Multicopper oxidase  

1.10.3.2 

1.- 

11 

3 

7 

1 

2 Class I peroxidase  1.11.1.- 2 0 

4 Vanillyl-alcohol oxidase 1.1.3.38 3 0 

5 
Galactose oxidase 

Glyoxal oxidase 

1.1.3.9 

1.2.3.15 

1 

1 

1 

0 

8 
CDH cytochrome domain-containing 

protein 
- 3 0 

11 Lytic chitin monooxygenase 1.14.99.53 3 3 

6 p-benzoquinone reductase (NADPH) 1.6.5.6 2 0 

9 
Lytic cellulose monooxygenase (C4-

dehydrogenating) 
1.14.99.56 1 1 

2 + 5 Haem peroxidase and glyoxal oxidase 
1.11.1.- and  

1.2.3.15 
1 0 

Total   78 32 

 

Furthermore, there was a bifunctional predicted protein with a haem peroxidase (EC 

1.11.1-) N-terminal domain assigned to AA family 2, five repeating WSC carbohydrate-

binding domains, and a C-terminal glyoxal oxidase domain (EC 1.2.3.15)  assigned to 

AA family 5. While other Talaromyces sp. encode genes with the same domain 

architecture (NCBI BLAST), to-date, no protein with this domain architecture has been 

characterised experimentally to decipher what its function may be.  

For the LPMOs, there was one predicted protein in the AA9 family, a lytic cellulose 

monooxygenase (C4-dehydrogenating) (EC 1.14.99.56), which was predicted to be 

secreted. All three of the AA11 family members were lytic chitin monooxygenases 
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(EC 1.14.99.53), and were predicted to be secreted. The cellulose-degrading LPMO will 

be discussed further in section 5.3.3.7. 

By comparison, the terrestrial T. stollii CLY-6 encoded seventy-five AAs (Cheng et al. 

2021). The composition of AA family members between the two fungal strains was 

almost identical, except T. stollii SFI-F17 encoded two more AA1 and one more AA8 

family member than T. stollii CLY-6. Outside of the Talaromyces genus, P. 

chrysosporium, a known lignin-degrading fungus, encodes 89 AAs in its genome, with a 

very different repertoire to that reported for T. stollii SFI-F17. This includes thirty-nine 

AA3, sixteen AA9, fifteen AA2, seven AA5, five AA1, four AA6, two AA8 and one 

AA12 family member, respectively (Kumar Sista Kameshwar and Qin, 2017). 

5.3.3.6 Carbohydrate-Binding Modules  

A CBM is defined as a contiguous sequence of amino acids with a discreet fold within a 

CAZyme that has carbohydrate-binding activity. However, there are exceptions, for 

example where CBMs can exist independently or as part of cellulosomal scaffoldin 

proteins. There are currently 106 CBM families listed in the CAZy database (CAZy 

database, 2025). CBMs are useful in promoting the activity of the attached enzyme. For 

example, if a CBM binds to a polysaccharide that the attached enzyme can degrade, it can 

increase the degradation rate of the polysaccharide.  Furthermore, if a CBM binds to a 

polysaccharide that is not a substrate for the attached enzyme, catalysis may be 

encouraged through enzyme stabilisation or by binding it to a complex substrate such as 

a plant cell wall (Hao et al. 2024). In the T. stollii SFI-F17 genome, there were eighty-

four CBMs encoded (Table 5.27). These were classified into nineteen of the CBM 

families. Of these, eleven were independent CBMs (not attached to any enzyme). Four of 

these were CBM63 family proteins, two were CBM50 family proteins, two were CBM21 

family members, two were CBM48 family members, and one was a CBM52 family 

member. Four CBMs were appended to CEs, while the remaining sixty-nine CBM-

domain containing proteins were appended to GHs. Previously, in sections 5.3.3.1 and 

5.3.3.4, GHs and CEs were discussed in detail, while in this section, CBM family 

members in T. stollii SFI-F17 will be discussed.  
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Table 5.27: CBMs encoded in the genome of T. stollii SFI-F17.  

CBM family Total 

1 23 

67 10 

91 7 

18, 42 6 

20 5 

63 4 

24, 32, 48, 50 3 

13, 21,35 2 

6, 19, 43, 52, 92 1 

Total 84 

 

The largest family of CBMs present was family 1, with twenty-three CBM1-containing 

predicted proteins encoded. All CBM family 1 proteins were predicted to be secreted. 

CBM1 domains can bind to cellulose and chitin, and are mainly found in fungi (CAZy 

database, 2025). Twenty of the CBM1-domain-containing proteins encoded in T. stollii 

SFI-F17 were predicted to be GHs, while three were predicted to be CEs. Of these, two 

were predicted to be GH54 and GH62 α-L-arabinofuranosidases (EC 3.2.1.55), one was 

a GH6 cellulose 1,4-β-cellobiosidase (EC 3.2.1.91), three were GH5, GH7 and GH45 

endo-β-1,4-glucanases (EC 3.2.1.4), two were GH18 chitinases (EC 3.2.1.14), one was a 

GH2 β-galactosidase (EC 3.2.1.23), one was a GH5 endo-1,4-β-mannosidase (EC 

3.2.1.78), four were GH10, GH11 and GH30 endo-1,4-β-xylanases (EC 3.2.1.8), one was 

a GH74 xyloglucan specific β-1,4-glucanase (EC 3.2.1.150 or EC 3.2.1.151), one was a 

GH27 α-galactosidase, two were CE2 and CE5 acetylxylan esterases (EC 3.1.1.72) and 

one was a CE1 feruloyl esterase (EC 3.1.1.73). There was also one bifunctional GH5 

mannan endo-1,4-beta-mannosidase and GH43 arabinan endo-1,5-alpha-L-arabinosidase 

(ECs 3.2.1.78 and 3.2.1.99), and one bifunctional GH27 α-galactosidase and GH39 α-

xylosidase (ECs 3.2.1.22 and 3.2.1.37) encoding CBM1 domains. 

CBM family 67 was the second most abundant CBM family encoded in the T. stollii SFI-

F17 genome. Ten CBM67-domain-containing proteins were encoded in the genome, with 

none predicted to be secreted. The CBM67 family domains bind L-rhamnose (CAZy 
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database, 2025), and all ten predicted proteins with CBM67 domains were GH78 α-L-

rhamnosidases (EC 3.2.1.40). The CBM67 module can significantly enhance the activity 

of the attached α-rhamnosidase against rhamnose-containing substrates like gum Arabic 

(Fujimoto et al. 2013).  

The third most abundant CBM family represented in the T. stollii SFI-F17 genome was 

CBM family 91. All proteins characterised to-date with this CBM domain were either β-

xylosidases or α-L-arabinofuranosidases, and the CBM91 domain itself binds xylan 

(CAZy database, 2025). This CBM can promote the degradation of arabinoxylan in 

nature, as it can enhance the activity of β-xylosidases and α-L-arabinofuranosidases (Pang 

et al. 2024). Seven CBM91-domain-containing proteins were encoded in the T. stollii 

SFI-F17 genome, with two predicted to be secreted. All were GH43 family proteins and 

were either β-xylosidases and/or α-L-arabinofuranosidases.  

CBM families 18 and 42 were represented by six predicted proteins each, respectively. 

One of the CBM family 18 predicted proteins was predicted to be secreted, while all of 

the CBM42 family proteins were predicted to be secreted. CBM18 domains are chitin 

binding (CAZy database, 2025), and in T. stollii SFI-F17, four GH18 chitinases (EC 

3.2.1.14), one GH16 chitin β-1,3/1,6-glucanosyltransferase (EC 2.4.1.-), and one CE4 

chitin deacetylase (EC 3.5.1.41) were encoded, with the chitin deacetylase predicted to 

be secreted. CBM42 domains bind arabinofuranose, and in T. stollii SFI-F17, all CBM42 

family members were predicted to be α-L-arabinofuranosidases (EC 3.2.1.55) from GH 

family 54. 

CBM family 20 was represented by five predicted proteins, with two of these predicted 

to be secreted. CBM20 domains are starch binding (CAZy database, 2025), and have been 

shown to improve the hydrolysis of starch substrates (Tanackovic et al. 2016). In T. stollii 

SFI-F17, there were three GH15 glucoamylases (EC 3.2.1.3), all which were not secreted, 

one GH31 α-glucosidase (EC 3.2.1.20) and one GH13 α-amylase (EC 3.2.1.1), which 

were predicted to be secreted.  

CBM family 63 was represented by four predicted proteins in the T. stollii SFI-F17 

genome, with all being predicted to be secreted. These CBMs have been shown to bind 

cellulose, and are almost exclusively found as the C-terminal domain in expansins, which 
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are proteins that loosen cell walls and cellulosic biomass without lytic activity (CAZy 

database, 2025; Cosgrove, 2017). All CBM63 domain-containing proteins in T. stollii 

SFI-F17 were characterised as expansins. Expansins, when acting alongside cellulases, 

have been shown to synergistically improve cellulose hydrolysis in biomass (Lou et al. 

2024), making them important accessory proteins in the degradation of lignocellulose.  

CBM families 24, 32, 48, 50 were represented by three proteins each in the T. stollii SFI-

F17 genome. CBM24 domains bind α-1,3-glucan (CAZy database, 2025), and in T. stollii 

SFI-F17 they were all predicted to be  glucan endo-1,3-α-glucosidases (EC 3.2.1.59) from 

GH family 71, and were predicted to be secreted. CBM32 domains bind galactose, 

lactose, polygalacturonic acid and β-D-galactosyl-1,4-β-D-N-acetylglucosamine (CAZy 

database, 2025). In T. stollii SFI-F17, one was a GH78 α-L-rhamnosidase (EC 3.2.1.40) 

and was predicted to be secreted, while the other two were predicted to be GH65 (one 

α,α-trehalase, EC 3.2.1.28, one unknown) enzymes, neither of which were predicted to 

be secreted. CBM48 domains bind to glycogen and can either be appended to GH13 

enzymes or AMP-activated protein kinases (CAZy database, 2025). In T. stollii SFI-F17, 

two were predicted to be subunits of AMP-activated protein kinases, and one was a GH13 

1,4-alpha-glucan branching protein, none of which were predicted to be secreted. AMP-

activated protein kinases are involved in gauging the energy status of the cell by sensing 

the amount of glycogen available (McBride et al. 2009). CBM50 domains are appended 

to enzymes from GH families 18, 19, 23, 24, 25 and 73 (chitin and peptidoglycan 

cleaving) (CAZy database, 2025). In T. stollii SFI-F17, two of these proteins were 

secreted LysM effectors, which bind chitin and N-linked oligosaccharides, and have been 

implicated in fungal virulence, for example by sequestering chitin oligosaccharides 

released by fungal cell walls to supress plant chitin-activated immunity (Kar et al. 2019; 

Dubey et al. 2020). One of these was appended to a lysozyme-like domain, while the 

other was independent of an enzyme. The remaining predicted protein was a CBM50-

domain-containing protein, was not appended to an enzyme, and was not predicted to be 

secreted. 

CBM families 13, 21 and 35 were represented by two predicted proteins each in the T. 

stollii SFI-F17 genome. CBM13 family members have been shown to bind to galactose, 

xylan, arabinose and N-acetylgalactosamine (CAZy database, 2025). It has been shown 
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that CBM13 domains can enhance enzymatic catalysis of insoluble polysaccharide 

substrates, and can also increase the formation of oligomers by the attached enzyme 

(Fujimoto, 2013; Lian et al. 2024). In T. stollii SFI-F17, one GH76 family member (α-

1,6-mannanase, EC 3.2.1.101, or α-glucosidase, EC 3.2.1.20) was encoded with a CBM13 

domain, and was predicted to be secreted. The other CBM13-domain-containing protein 

was predicted to be a GH27 α-galactosidase (EC 3.2.1.22), and was not predicted to be 

secreted. CBM21 domains have been shown to bind starch (CAZy database, 2025), and 

have also been shown to disrupt the starch structure, increasing exposure of the substrate 

for enzymatic action (Cabral et al. 2024). In T. stollii SFI-F17, the two CBM21-domain-

containing proteins were protein phosphatase 1 regulatory subunit 3 proteins, which can 

activate glycogen synthetase and inactivate glycogen phosphorylase, therefore playing a 

role in glycogen metabolism (Zhu et al. 2022). CBM35 domains have been shown to bind 

xylans, mannans and β-galactans (CAZy database, 2025). In T. stollii SFI-F17, the 

CBM35-domain-containing proteins were a bifunctional GH28 rhamnogalacturonan 

hydrolase (EC 3.2.1.171) and GH27 α-galactosidase (EC 3.2.1.22), and a GH43 galactan 

exo-b-1,3-galactosidase (EC 3.2.1.145), neither of which were predicted to be secreted. 

CBM families 6, 19, 43, 52 and 92 were represented by one protein each in the T. stollii 

SFI-F17 genome. CBM6 domains have been shown to bind to cellulose, β-1,3-glucan, 

mixed linkage glucan and xylan (CAZy database, 2025). The CBM6-domain containing 

protein in T. stollii SFI-F17 was predicted to be a secreted GH43 xylan β-1,4-xylosidase 

(EC 3.2.1.37). CBM19 domains have a chitin-binding function (CAZy database, 2025). 

The CBM19-domain-containing protein in T. stollii SFI-F17 was predicted to be a 

secreted GH18 chitinase (EC 3.2.1.14). CBM43 domains have been shown to bind β-1,3-

glucan (CAZy database, 2025). The CBM43-domain-containing protein in T. stollii SFI-

F17 was predicted to be a GH74 β-1,3-glucanosyltransglucosidase (EC 2.4.1.-). CBM52 

domains have been shown to bind β-1,3-glucan (CAZy database, 2025). In T. stollii SFI-

F17, the CBM52-domain-containing protein also contained a domain of unknown 

function, and therefore the function of this protein was not predicted. CBM92 domains 

have been shown to bind β-1,3-glucan and β-1,6-glucan (CAZy database, 2025). The 

CBM92-domain-containing protein was predicted to be a secreted GH81 glucan endo-β-

1,3-glucosidase (EC 3.2.1.39).  
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By comparison to T. stollii SFI-F17, seventy-five CBMs were encoded in the T. stollii 

CLY-6 genome (Cheng et al. 2021), nine less than was reported for T. stollii SFI-F17. 

Specifically, T. stollii SFI-F17 has one more CBM21, CBM24, CBM50 and CBM67 

family member, two more CBM42, CBM48 and CBM63 family members, and one less 

CBM1 family member. A possible explanation for this larger abundance of CBMs in T. 

stollii SFI-F17 is that CBMs have been shown to improve the stability of the enzyme they 

are attached to, for example in cold and saline environments like the deep-sea (Ding et al. 

2021). Furthermore, it has been demonstrated that when there is more water in an 

environment, CBMs help the enzyme find and bind its substrate, therefore being useful 

in the deep-sea environment (Várnai et al. 2013). This dilution effect could also be why 

two more CBM63-domain-containing secreted expansins are encoded by T. Stollii SFI-

F17. Furthermore, two recent studies comparing marine and terrestrial fungal strains had 

the same conclusion- there appeared to be more CBMs encoded by marine fungi than 

their terrestrial counterparts (Liu et al. 2024; Doval et al. 2025). Additionally, 65 CBMs 

were encoded in the P. chrysosporium genome (Kumar Sista Kameshwar and Qin, 2017). 

In the future, proteomic experiments should be carried out to determine if these genes are 

actually expressed by T. stollii SFI-F17. Furthermore, their recombinant expression in a 

host such as Pichia pastoris could allow structural and functional characterisation of the 

expressed genes (Wang et al. 2014). 

5.3.3.7 Predicted lignocellulose-degrading enzymes 

Lignocellulose-degrading enzymes have a wide range of biotechnological applications, 

such as in the treatment of paper and pulp, forestry waste and agri-wastes (Chukwuma et 

al. 2020). Enzymes involved in the degradation of lignocellulose are mostly GHs and 

include β-glucanases, β-xylanases, cellulases, cellobiohydrolases, α/β-galactosidases, α-

arabinofuranosidases, α-rhamnosidases, α-fucosidases and β-mannanases. They also 

include the CEs feruloyl esterase and acetylxylan esterase, as well as LPMOs and lignin-

degrading enzymes from AA families. In this section, the lignocellulose-degrading 

machinery encoded in the genome of T. stollii SFI-F17 is discussed. Comparisons 

between the cellulose- and hemicellulose-degrading machinery in T. stollii SFI-F17, the 

closely related terrestrial T. stollii CLY-6 (Cheng et al. 2021) and the lignocellulolytic 

terrestrial T. pinophilus 1-95 (Li et al. 2017) are also described in Tables 5.26 and 5.27.  
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Cellulose is a primary structural component of the plant cell wall, and is made up of linear 

β-1,4-glucan chains, which aggregate through van der Waals interactions and hydrogen 

bonding to form cellulose microfibrils. Cellulose is also the most abundant carbohydrate 

on earth, making it of interest for renewable energy production (Rongpipi et al. 2019).  In 

terms of cellulose-degrading enzymes, the most important is endo-β-1,4-glucanase, 

which cleaves the β-1,4-glucan chain in the cellulose backbone randomly, releasing 

cellooligosaccharides, which can then be degraded by cellobiosidases and β-glucosidase 

(Li et al. 2022). Of the GHs encoded by T. stollii SFI-F17, eleven were endo-β-1,4 

glucanases (EC 3.2.1.4), with five from GH5, two from GH7, two from GH12 and two 

from GH45 families (Table 5.28). By comparison, the terrestrial T. stollii CLY-6 encoded 

two less GH family 5 endo-β-1,4 glucanases (EC 3.2.1.4), and the same number from GH 

families 7, 12 and 45. Additionally, T. pinophilus 1-95 encoded eight endo-β-1,4 

glucanases (EC 3.2.1.4) with four from GH family 5, one each from GH families 7 and 

12, and two from GH family 45 (Li et al. 2017).  

To complete the degradation of cellooligosaccharides to glucose units, cellobiosidases 

and exo-β-glucosidases are necessary. Five GH family 1 and fifteen GH family 3 β-

glucosidases (EC 3.2.1.21) were encoded by T. stollii SFI-F17 and T. stollii CLY-6, 

respectively, compared to 29 encoded by T. pinophilus 1-95, within GH families 1 and 3. 

T. stollii SFI-F17 and T. stollii CLY-6 also encoded three GH family 31 α/β glucosidases 

(ECs 3.2.1.20 and 3.2.1.21).  In addition, one GH family 6 β-cellobiosidase (EC 3.2.1.91) 

was encoded by T. stollii SFI-F17 and T. stollii CLY-6, while T. pinophilus 1-95 encoded 

two GH family 6 and 7 β-cellobiosidases (EC 3.2.1.91) (Li et al. 2017; Cheng et al. 2021).  

As well as cellulose-degrading GHs, there are also auxiliary activities that can oxidatively 

degrade cellulose called LPMOs that act in synergy with hydrolytic cellulases to degrade 

cellulose (Ogunyewo et al. 2020; Sørlie et al. 2023). LPMOs are copper-dependent and 

for cellulose degradation, their proposed mechanism of action is cleavage at the C1 and/or 

C4 sites in cellulose by the insertion of oxygen, which forms lactone, which is then 

hydrolysed spontaneously to ketoaldose or aldonic acid (Moreau et al. 2019). LPMOs can 

use H2O2 produced by enzymes such as GMC oxidoreductases to catalyse the oxidative 

cleavage of polysaccharides. The cytochrome domain of cellobiose dehydrogenase can 

also reduce LPMOs, which in turn can catalyse the oxidative cleavage of polysaccharides 
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(Bissaro et al. 2018).  AA families 9-11 and 13-17 represent LPMOs (CAZy database, 

2025).  

Table 5.28: Cellulose-degrading activities encoded in T. stollii SFI-F17, T. stollii CLY-

6 and T. pinophilus 1-95 genomes.  

Activity EC 

Number 

Family Total no. of enzymes in:  

T. stollii 

SFI-F17 

T. stollii 

CLY-6 

T. pinophilus 

1-95 

Endo-β-glucanase 3.2.1.4 

GH5 

GH7 

GH12 

GH45 

5 

2 

2 

2 

3 

2 

2 

2 

4 

1 

1 

2 

β-cellobiosidase 3.2.1.91 
GH6 

GH7 

1 

0 

1 

0 

1 

1 

β-glucosidase 3.2.1.21 
GH1 

GH3 

5 

15 

5 

15 

5 

24 

α/β glucosidase 

3.2.1.20 

and 

3.2.1.21 

GH31 3 3 0 

lytic cellulose 

monooxygenase 

(C4-

dehydrogenating) 

1.14.99.56 AA9 1 1 1 

Expansin - CBM63 4 2 2 

Total   40 36 42 

 

In total, there was one cellulose-degrading LPMO in the T. stollii SFI-F17 genome, an 

AA family 9 lytic cellulose monooxygenase (C4-dehydrogenating) (EC 1.14.99.56). 

Similarly, T. stollii CLY-6 and T. pinophilus only encoded one lytic cellulose 

monooxygenase (C4-dehydrogenating) (EC 1.14.99.56) from family AA9 (Li et al. 

2017). While fungal expansins are not cellulose-degrading enzymes, they help to loosen 

the lignocellulose matrix to improve cellulose hydrolysis in synergy with cellulases (Ding 

et al. 2022). T. stollii SFI-F17 encoded two more expansins than both T. stollii CLY-6 
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and T. pinophilus 1-95, respectively, indicating that T. stollii SFI-F17 may have a better 

ability to loosen plant cell walls by expansin action. 

The T. stollii SFI-F17 genome is also rich in hemicellulose-degrading enzymes. 

Hemicellulose is made up of various polysaccharides and makes up 20-30% of the dry 

weight of annual and perennial plants. The structure of hemicelluloses can include a 

backbone of xylan, glucan, mannan or galactan branched with side chains of arabinose, 

glucose, galactose, galacturonic acid, glucuronic acid, 4-O-methyl-d-glucuronic acid and 

acetyl groups (Kaur and Sharma, 2019; Kaur et al. 2024). For example, perennial ryegrass 

hemicellulose is mainly made up of galactoarabinoxylan, ʟ-arabino-(4-O-methyl-ᴅ-

glucurono)-ᴅ-xylan and β-glucan (Sun et al. 2021). Hemicellulose, like cellulose, could 

be used as a valuable renewable energy source (Qaseem et al. 2021). However, an array 

of enzymes are required to break down this complex structure.  

Endo-β-xylanases (EC 3.2.1.8) are essential to degrade hemicelluloses with a xylan 

backbone, cleaving the β-1,4-linkages between each xylose molecule releasing xylo-

oligosaccharides, making them a crucial component of a plant cell wall-degrading system 

(Kim et al. 2023). Most endo-β-xylanases characterised to-date are GH10 and GH11 

family members, with smaller numbers represented in GH families 3, 5, 6, 8, 9, 30, 43, 

44, 51,62, 98 and 141. GH10 xylanases can cleave a wider variety of xylans than GH11 

xylanases, due to their lower substrate specificity (GH11 xylanases preferentially cleave 

arabinoxylans away from the side-chains) (CAZy database, 2025; Katsimpouras et al. 

2019). GH30 endo-β-xylanases have been shown to act on glucuronoxylan, arabinoxylan, 

xylooligosaccharides and acetylxylan (Puchart et al. 2021; Pentari et al. 2023). Fifteen 

endo-β-xylanases (EC 3.2.1.8) were encoded by T. stollii SFI-F17, with five from GH10, 

eight from GH11 and two from GH30 families, respectively (Table 5.29). By contrast, 

the terrestrial T. stollii CLY-6 encoded twelve endo-β-xylanases, with three less GH10 

family members (Cheng et al. 2021), while T. Pinophilus 1-95 encoded one from GH 

family 10 and eight from GH family 11 (Li et al. 2017), six less than reported here. This 

may suggest that T. stollii SFI-F17 has the ability to produce a greater diversity of β-

xylanases than the two related terrestrial species, perhaps to cope with the deep-sea 

environmental conditions, such as the low temperatures. For example, in Chapter 3, the 

effect of temperature on secreted β-xylanase activity from T. stollii SFI-F17 was assessed, 
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and showed that secreted xylanases stable over a wide range of temperatures, between 1-

60 °C. 

β-xylosidases are enzymes that then complete the degradation of xylan, by breaking down 

the xylooligosaccharides released by β-D-xylanase action into xylose (Ye et al. 2017). 

Four β-xylosidases (EC 3.2.1.37) were also encoded by T. stollii SFI-F17, with three GH3 

and one GH39 family members, respectively. Additionally, one bifunctional α-

galactosidase and β-xylosidase (ECs 3.2.1.22 and 3.2.1.37) was encoded in the T. stollii 

SFI-F17 genome, from GH families 27 and 39, respectively, which may degrade 

galactooligosaccharides and xylooligosaccharides simultaneously. By comparison, T. 

stollii CLY-6 encoded five GH family 3 and two GH family 39 β-xylosidases (EC 

3.2.1.37). Furthermore, T. pinophilus 1-95 encoded ten β-xylosidases, where four were 

members of GH family 3 and six were members of GH family 43.  

For plants that have arabinan, mannan or galactan in their hemicellulose composition, 

such as in sugar beet and Arabidopsis thaliana seed mucilage and leaves, endo- and exo-

acting arabinanases, mannanases and galactanases are essential to degrade their cell walls 

(Tryfona et al. 2012; Park et al. 2015; Voiniciuc et al. 2022). In the T. stollii SFI-F17 

genome, one GH family 43 endo-1,5-α-L-arabinosidase (EC 3.2.1.99), and one 

bifunctional GH family 5 and 43 endo-1,4-β-mannosidase and endo-1,5-α-arabinosidase 

(ECs 3.2.1.78 and 3.2.1.99) are encoded. By comparison, T. stollii CLY-6 encodes two  

GH family 43 endo-α-1,5-arabinanases (EC 3.2.1.99) and T. pinophilus 1-95 encodes 

three GH family 43 endo-α-1,5-arabinanases (EC 3.2.1.99). Furthermore, T. stollii SFI-

F17 encodes two GH5, four GH26 and one GH134 β-1,4-endo-mannanase (EC 3.2.1.78). 

By comparison, T. stollii CLY-6 encodes two GH5, three GH26 and one GH134 β-1,4-

endo-mannanase (EC 3.2.1.78), while T. pinophilus 1-95 encodes two, both within GH 

family 5. T. stollii SFI-F17, T. stollii CLY-6 and T. pinophilus 1-95 also encoded three, 

three and six GH2 β-mannosidases (EC 3.2.1.25), which degrade β-mannans and 

mannooligosaccharides from their non-reducing ends (Malgas et al. 2015). Additionally, 

T. stollii SFI-F17, T. stollii CLY-6, and T. pinophilus 1-95 encode one GH family 53 

arabinogalactan endo-β-1,4-galactanase (EC 3.2.1.89) each.  

All vascular plants and some dicotyledonous plants have xyloglucan as a major 

hemicellulose component, which require xyloglucan-cleaving enzymes for their 
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degradation (Eckhardt, 2008). In the T. stollii SFI-F17 genome, two genes encoded 

xyloglucan-specific endo-β-1,4-glucanases (EC 3.2.1.151) from GH family 12. By 

comparison, the T. stollii CLY-6 genome was also predicted to encode two GH family 12 

xyloglucan-specific endo-β-1,4-glucanases (EC 3.2.1.151) (Cheng et al. 2021). In 

addition, one GH family 74 xyloglucan-specific endo- and/or exo-β-1,4-glucanase (EC 

3.2.1.150 and/or 3.2.1.151) was encoded by T. stollii SFI-F17 and T. stollii CLY-6. 

Furthermore, T. pinophilus 1-95 encoded one xyloglucan-specific endo-β-1,4-glucanase 

(EC 3.2.1.151) from GH family 12 (Li et al. 2017).  Additionally, T. stollii SFI-F17 

encoded a GH family 3 xylooligoglucan hydrolase (EC 3.2.1.120).  

To cleave the side-chains from the main sugar backbones in hemicelluloses, such as L-

arabinose, galactose and uronic acids, an array of different enzymes that degrade the 

linkages between the backbone and side-chain molecule are necessary. α-L-

arabinofuranosidases are exo-acting enzymes that remove arabinose side chains from 

arabinan and xylan backbones. One such example where α-L-arabinofuranosidases are 

necessary is to remove α-arabinose side-chains from the xylan backbone present in L. 

perenne hemicellulose (Zu et al. 2007). T. stollii SFI-F17 nineteen α-L-

arabinofuranosidases (EC 3.2.1.55), with three GH43, five GH51, eight GH54 and three 

GH62 family members, respectively. By comparison, T. stollii CLY-6 encoded one 

GH43, five GH51, five GH54 and three GH62 family members T. pinophilus 1-95 

encoded eleven proteins, one GH43, three GH51, five GH54 and three GH62 family 

members. For α-1,5-L-exoarabinanases (EC 3.2.1.-), four were encoded each by T. stollii 

SFI-F17, T. stollii CLY-6, and T. pinophilus 1-95, all within the GH93 family. 

Furthermore, T. stollii SFI-F17 encodes four GH family 43 enzymes that function as α-

L-arabinofuranosidases and/or β-D-xylosidases (ECs 3.2.1.55 and/or 3.2.1.37).   

To hydrolyse the α-galactose side-chains of hemicelluloses such as those in 

arabinogalactoxylan in Lolium perenne (Xu et al. 2007), α-galactosidases (EC 3.2.1.22) 

are necessary. It is a debranching enzyme that hydrolyses the terminal, non-reducing α-

D-galactose residues in various hemicellulosic substrates (Wang et al. 2022).  T. stollii 

SFI-F17 encoded five GH family 27 and two GH family 36 α-galactosidases (EC 

3.2.1.22), as well as a bifunctional GH family 27 α-galactosidase and 

rhamnogalacturonan I α-1,2-galacturonidase (ECs 3.2.1.22 and 3.2.1.171). By 
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comparison, T. pinophilus 1-95 encoded eight α-galactosidases (EC 3.2.1.22) four each 

in GH families 27 and 36.  

As well as having galactose and arabinose side-chains, L. perenne xylan main chains are 

also substituted with α-glucuronic acid or 4-O-methyl-glucuronic acid residues (Xu et al. 

2007). To cleave these side chains, α-glucuronidases are required (Rogowski et al.2013). 

T. stollii SFI-F17 encodes four α-glucuronidases, two from GH family 67 (either EC 

3.2.1.131 or 3.2.1.139), and two from GH family 115 (EC 3.2.1.131). By comparison, T. 

stollii CLY-6 encoded two GH67 (either EC 3.2.1.131 or 3.2.1.139) and one GH95 (EC 

3.2.1.131) family α-glucuronidases. T. pinophilus 1-95 did not encode any α-

glucuronidases.  

Other hemicelluloses require β-galactosidases to cleave β-galactose side-chains, such as 

those in Arabidopsis thaliana leaves, that have β-1,3-linked galactose-backbones with β-

1,6-linked galactose side-chains (Tryfona et al. 2012), or xyloglucans in A. thaliana, 

which also have β-galactose side-chains (Sampedro et al. 2012). β-galactosidase is a 

debranching enzyme that hydrolyses the terminal, non-reducing β-D-galactose residues 

in such substrates (Hossain et al. 2022). Both T. stollii SFI-F17 and T. stollii CLY-6 

encode three GH2 and seven GH35 β-galactosidases (EC 3.2.1.23), while T. pinophilus 

1-95 encodes eleven β-galactosidases (EC 3.2.1.23), six from GH2 and five from GH35 

families. T. stollii SFI-F17 and T. stollii CLY-6 also encode one GH family 43 exo-β-

galactosidase that hydrolyses both 1,3-linkages in β-galactan chains as well as 1,6-linked 

β-galactan side chains (EC 3.2.1.145). T. stollii SFI-F17 and T. stollii CLY-6 also encode 

a GH family 30 β-1,6-galactanase (EC 3.2.1.164), which degrades β-1,6-galactose side-

chains from arabinogalactan, for example in Arabidopsis thaliana leaves (Tryfona et al. 

2012).  

Hemicelluloses in some dicotolydenous plants, such as Festuca arundinacea and A. 

thaliana, contain a xyloglucan backbone that is substituted with α-L-fucose (McDougall 

and Fry, 1993; Wan et al. 2018). T. stollii SFI-F17 encodes four each of GH29 and GH95 

family α-L-fucosidases (EC 3.2.1.51), while T. stollii CLY-6 encodes two and three from 

GH29 and GH95 families, respectively. Additionally, T. pinophilus 1-95 encodes nine, 

four in GH26 and five in GH95 families. Furthermore, α-rhamnose side-chains in the 

hemicellulose of plants such as oil-tea camellia fruit shells and L. perenne are hydrolysed 
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by α-L-rhamnosidases (Zu et al. 2007; Tang et al. 2022). T. stollii SFI-F17 and T. stollii 

CLY-6 encode seventeen and sixteen GH family 78 α-L-rhamnosidases (EC 3.2.1.40), 

and three each of GH family 106 α-L-rhamnosidases (EC 3.2.1.40 or 3.2.1.174). 

As well as GHs, CEs also play a key role in lignocellulose degradation. Feruloyl esterase 

(EC 3.1.1.73) hydrolyses the ester bond between ferulic acid and the arabinose sidechains 

of arabinoxylan in xylan-rich plant cell walls such as monocot grasses. Ferulic acid is 

covalently linked to lignin by ether bonds and to arabinose by ester bonds in such plants. 

Therefore, it plays a crucial role in cross-linking the lignin fraction of the cell wall to the 

hemicellulose fraction, thereby making it its hydrolysis key to the degradation of 

lignocellulose in plant cell walls (de Oliveira et al. 2014; Underlin et al. 2020). T. stollii 

SFI-F17 also encoded three feruloyl esterases (EC 3.1.1.73) within CE family 1, T. stollii 

CLY-6 encoded one from CE family 1, while T. pinophilus 1-95 encoded seven that were 

not assigned CE families. 

Acetylxylan esterases (EC 3.1.1.72) hydrolyse the ester bonds in acetylxylan, releasing 

acetic acid from the xylan backbone, improving access for GHs to degrade the xylan 

backbone (Yamada et al. 2025). T. stollii SFI-F17 encodes four acetylxylan esterases (EC 

3.1.1.72), one each in CE families 1, 2, 4 and 5. There were also two CE5 family 

acetylxylan esterases or cutinases (EC3.1.1.72 or 3.1.1.74). By comparison, T. stollii 

CLY-6 encodes three CE1, one CE2, CE4 and CE5 family acetylxylan esterases. 

Similarly to T. stollii SFI-F17, there were also two CE5 family acetylxylan esterases or 

cutinases (EC3.1.1.72 or 3.1.1.74) in the T. stollii CLY-6 genome.  Additionally, T. 

pinophilus 1-95 encodes thirteen acetylxylan esterases, two each in families 1, 2 and 5 

and seven in CE family 3. Interestingly, between T. stollii SFI-F17 and the terrestrial T. 

stollii CLY-6, there were more two more feruloyl esterases in the T. stollii SFI-F17 

genome. In the deep-sea, where highly lignified matter makes it to the sea floor, T. stollii 

SFI-F17 may have acquired genes for feruloyl esterase degradation, as it is a key enzyme 

in separating lignin from hemicellulose in biomass (Boetius and Lochte, 1994; Arndt et 

al. 2013; Underlin et al. 2020; Gonçalves et al. 2024).  
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Table 5.29: Hemicellulose-degrading enzymes encoded in T. stollii SFI-F17, T. stollii 

CLY-6 and T. pinophilus 1-95 genomes.  

Activity EC 

Number 

Family Total no. of enzymes in:  

T. stollii 

SFI-F17 

T. stollii 

CLY-6 

T. pinophilus 

1-95 

Endo-β-xylanase 3.2.1.8 

GH10 

GH11 

GH30 

5 

8 

2 

2 

8 

2 

1 

11 

0 

β-xylosidase 3.2.1.37 

GH3 

GH39 

GH43 

3 

1 

0 

3 

2 

0 

4 

0 

6 

α-arabinofuranosidase 3.2.1.55 

GH43 

GH51 

GH54 

GH62 

3 

5 

8 

3 

1 

5 

5 

3 

4 

3 

5 

3 

Endo-1,5-α-arabinosidase 3.2.1.99 GH43 1 2 3 

Exo-α-1,5-L-arabinanase 3.2.1.- GH93 4 4 4 

Xyloglucan-specific 

endo-β-1,4-glucanase 
3.2.1.151 GH12 2 2 6 

Xyloglucan-specific 

endo- and/or exo-β-1,4-

glucanase 

3.2.1.150 

and/or 

3.2.1.151 

GH74 1 1 0 

Xylooligoglucan 

hydrolase  
3.2.1.120 GH3 1 0 0 

β-xylosidase and/or α-

arabinofuranosidase 

3.2.1.37 

and/or 

3.2.1.55 

GH43 3 9 0 

Arabinogalactan endo-β-

1,4-galactanase 
3.2.1.89 GH53 1 1 1 

Endo-β-1,6-galactanase 3.2.1.164 GH30 1 1 0 

Exo-β-1,3-galactosidase 3.2.1.145 GH43 1 1 0 

β-galactosidase 3.2.1.23 
GH2 

GH35 

3 

7 

3 

7 

6 

5 

α-galactosidase 3.2.1.22 
GH27 

GH36 

5 

2 

5 

1 

4 

4 
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β-1,4-endo-mannanase 3.2.1.78 

GH5 

GH26 

GH134 

2 

4 

1 

2 

3 

1 

2 

0 

0 

β-mannosidase 3.2.1.25 GH2 3 3 6 

α-L-fucosidase 3.2.1.51 
GH29 

GH95 

4 

4 

2 

3 

4 

5 

α-glucuronidase 

3.2.1.131 

or 

3.2.1.139 

GH67 

GH115 

2 

2 

2 

1 

0 

0 

α-L-rhamnosidase 

3.2.1.40 

or 

3.2.1.174 

GH78 

GH106 

17 

3 

16 

3 

3 

0 

Bifunctional β-xylosidase 

and α-galactosidase 

3.2.1.37 

and 

3.2.1.22 

GH27 and 

GH39 
1 0 0 

Bifunctional endo-1,4-β-

mannosidase and endo-

1,5-α-arabinosidase  

3.2.1.78 

and 

3.2.1.99 

GH5 and 

GH43 
1 0 0 

Bifunctional α-

galactosidase and 

rhamnogalacturonan I α-

1,2-galacturonidase 

3.2.1.22 

and 

3.2.1.171 

GH27 1 0 0 

Feruloyl esterase 3.1.1.73 CE1 3 1 7 

Acetylxylan esterase 3.1.1.72 

CE1 

CE2 

CE3 

CE4 

CE5 

1 

1 

0 

1 

1 

3 

1 

0 

1 

1 

2 

2 

7 

0 

2 

Total   122 111 110 

 

Lignin-degrading enzymes degrade lignin, the ‘glue’ that holds the lignocellulose matrix 

together and is one of the main barriers to its microbial degradation (Zhao et al. 2022). In 

T. stollii SFI-F17, there were eleven AA family 1 laccases (EC 1.10.3.2). Laccases 

contribute significantly to lignin degradation by fungi. They oxidise a wide range of 
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phenolic compounds, with a simultaneous reduction of oxygen molecules to water. The 

formation of phenoxy radicals by laccase (and laccase mediators) results in the 

degradation of carbon-carbon bonds, β-aryl bonds and aromatic rings in lignin 

(Christopher et al. 2014; Bissaro et al. 2018). By comparison, T. stollii CLY-6 encodes 

ten laccases (EC 1.10.3.2), one less than was reported here for T. stollii SFI-F17. 

In relation to lignin-degrading peroxidases, or AA2 family lignin-degrading enzymes, T. 

stollii SFI-F17 did not encode manganese peroxidase (EC 1.11.1.13), lignin peroxidase 

(EC 1.11.1.14), or versatile peroxidase (EC 1.11.1.16), which can oxidise nonphenolic 

compounds (lignin peroxidase), phenolic compounds (manganese peroxidase) or both 

(versatile peroxidase) (Bissaro et al. 2018). However, three AA4 family vanillyl-alcohol 

oxidases (EC 1.1.3.38) and two AA6 family p-benzoquinone reductases (EC 1.6.5.6) 

were present in T. stollii SFI-F17. Vanillyl-alcohol oxidase is important in the degradation 

of secondary metabolites produced by the ligninolytic process (Mattevi et al. 1997; 

Eggerichs et al. 2023), while p-benzoquinone reductases (EC 1.6.5.6) are involved in the 

intracellular degradation of aromatic compounds created during the process of 

ligninolysis, such as quinones, hydroquinones and benzaldehydes (Akileswaran et al. 

1999). The repertoire of AA2 and AA4 family enzymes was the same in the T. stollii 

CLY-6 genome as it was for the T. stollii SFI-F17 genome. There was no data published 

in relation to T. pinophilus 1-95 lignin-degrading enzymes. 

Furthermore, while they do not directly degrade lignin themselves, AA3 GMC 

oxidoreductases, AA5 copper radical oxidases and AA7 oligosaccharide oxidases play an 

important role in H2O2 production. In lignin peroxidase-producing fungi, the H2O2 

produced by these enzymes can be used to fuel lignin peroxidases for lignin degradation. 

On the other hand, in fungi that do not produce lignin peroxidases, like T. stollii SFI-F17, 

this H2O2 can be used to drive Fenton reactions, which are non-enzymatic reactions that 

produce free radicals that can depolymerise polysaccharides and attack lignin, or to fuel 

LPMOs, which use H2O2 as a co-substrate, in their polysaccharide depolymerisation 

(Bissaro et al. 2018). In the T. stollii SFI-F17 genome, nineteen AA3, two AA5 and 

twenty-eight AA7 family members were encoded, and are described in detail in section 

5.3.3.5.  



 

246 

 

 

Interestingly, while T. stollii SFI-F17 encodes proteins predicted to be involved in lignin-

degradation, when peroxidase and laccase activities were qualitatively tested for using 

the syringaldazine well test (see Chapter 3, section 3.3.1), neither activity was detected, 

indicating that these genes were not expressed under the experimental conditions used. 

While no extracellular lignin peroxidases were encoded in the T. stollii SFI-F17 genome, 

eleven laccase genes were predicted that may be secreted if expressed. These laccases 

could be potentially induced in different environmental conditions, and this should be 

investigated further, as other T. stollii strains have been shown to produce laccase (Hao 

et al. 2018). Additionally, the vannilyl alcohol oxidases and p-benzoquinone reductases 

from AA families 4 and 6 encoded in the T. stollii SFI-F17 were not experimentally tested 

for, and therefore may be expressed. Overall, due to their importance in the degradation 

of lignocellulose (Singhania et al. 2021), the lignin/lignin metabolite-degrading enzymes 

actually produced by T. stollii SFI-F17 should be determined, for example by sequencing 

its proteome and secretome. 

5.3.3.7.1 Predicted secreted lignocellulose-degrading enzymes  

As the secretome of T. stollii SFI-F17 is of interest for enzymatic cell-free pre-treatment 

applications (Dowd and Tuohy, 2023), lignocellulose-degrading enzymes predicted to be 

secreted are described in this section. In terms of cellulose-degrading machinery secreted, 

fourteen out of a total of thirty-six cellulose-degrading genes, or 39%, were predicted to 

be secreted by T. stollii SFI-F17. By comparison, fifteen out of a total of thirty-four 

cellulose-degrading genes, or 44%, were predicted to be secreted by T. stollii CLY-6. For 

T. pinophilus 1-95, 20 out of a total of 40 cellulose-degrading genes, or 50%, were 

predicted to be secreted. Interestingly, the secretomes of T. stollii SFI-F17 and T. stollii 

CLY-6 were almost identical in terms of the cellulose-degrading activities and GH 

families secreted, with CLY-6 potentially secreting one more GH5 endo-β-glucanase 

(Table 5.30).  Furthermore, GH family 3 β-glucosidases (EC 3.2.1.21) were potentially 

the most secreted cellulose-degrading enzymes by all three fungal strains. Additionally, 

all expansins encoded by the three fungal strains were predicted to be secreted, potentially 

acting in synergy with lignocellulose-degrading enzymes to degrade lignocellulosic 

substrates (Ding et al. 2022). 
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Table 5.30: Potentially secreted cellulose-degrading activities and expansin proteins 

encoded in T. stollii SFI-F17, T. stollii CLY-6 and T. pinophilus 1-95 genomes.  

Activity EC 

Number 

Family No. of potentially secreted enzymes in:  

T. stollii 

SFI-F17 

T. stollii 

CLY-6 

T. pinophilus 

1-95 

Endo-β-glucanase 3.2.1.4 

GH5 

GH7 

GH12 

GH45 

1 

2 

1 

1 

2 

2 

1 

1 

5 

1 

0 

1 

β-cellobiosidase 3.2.1.91 
GH6 

GH7 

1 

0 

1 

0 

1 

1 

β-glucosidase 3.2.1.21 
GH1 

GH3 

0 

5 

0 

5 

1 

9 

α/β glucosidase 

3.2.1.20 

and 

3.2.1.21 

GH31 2 2 0 

lytic cellulose 

monooxygenase 

(C4-

dehydrogenating) 

1.14.99.56 AA9 1 1 1 

Expansin - CBM63 4 2 2 

Total   18 17 22 

 

The hemicellulose-degrading machinery potentially secreted by T. stollii SFI-F17, T. 

stollii CLY-6 and T. pinophilus 1-95 are described in Table 5.31. T. stollii SFI-F17 

potentially secreted 77 out of a total of 122 hemicellulose-degrading enzymes, or 63%. 

By comparison, T. stollii CLY-6 potentially secreted 57 out of a total of 111 

hemicellulose-degrading enzymes, or 51%, while T. pinophilus 1-95 potentially secreted 

61 out of 110, or 55%. In all three secretomes, the most dominant hemicellulose-

degrading enzyme was GH11 endo-β-xylanase (EC 3.2.1.8), with each potentially 

secreting eight into the extracellular environment.  

 

 



 

248 

 

 

Table 5.31: Potentially secreted hemicellulose-degrading enzymes encoded in T. stollii 

SFI-F17, T. stollii CLY-6 and T. pinophilus 1-95 genomes.  

Activity EC 

Number 

Family Total no. of enzymes in:  

T. stollii 

SFI-F17 

T. stollii 

CLY-6 

T. pinophilus 

1-95 

Endo-β-xylanase 3.2.1.8 

GH10 

GH11 

GH30 

3 

8 

2 

2 

8 

1 

1 

8 

0 

β-xylosidase 3.2.1.37 

GH3 

GH39 

GH43 

1 

1 

0 

2 

2 

0 

3 

0 

2 

α-arabinofuranosidase 3.2.1.55 

GH43 

GH51 

GH54 

GH62 

1 

3 

8 

3 

1 

0 

3 

3 

4 

1 

0 

3 

Endo-1,5-α-arabinosidase 3.2.1.99 GH43 0 2 3 

Exo-α-1,5-L-arabinanase 3.2.1.- GH93 3 3 1 

Xyloglucan-specific 

endo-β-1,4-glucanase 
3.2.1.151 GH12 2 2 6 

Xyloglucan-specific 

endo- and/or exo-β-1,4-

glucanase 

3.2.1.150 

and/or 

3.2.1.151 

GH74 1 1 0 

β-xylosidase and/or α-

arabinofuranosidase 

3.2.1.37 

and/or 

3.2.1.55 

GH43 2 2 0 

Arabinogalactan endo-β-

1,4-galactanase 
3.2.1.89 GH53 1 1 0 

Endo-β-1,6-galactanase 3.2.1.164 GH30 1 1 0 

Exo-β-1,3-galactosidase 3.2.1.145 GH43 1 1 0 

β-galactosidase 3.2.1.23 
GH2 

GH35 

1 

6 

1 

4 

0 

5 

α-galactosidase 3.2.1.22 
GH27 

GH36 

3 

1 

1 

0 

4 

4 

β-1,4-endo-mannanase 3.2.1.78 
GH5 

GH26 

2 

3 

2 

2 

1 

0 
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GH134 1 1 0 

β-mannosidase 3.2.1.25 GH2 1 0 1 

α-L-fucosidase 3.2.1.51 
GH29 

GH95 

0 

1 

1 

0 

4 

1 

α-glucuronidase 

3.2.1.131 

or 

3.2.1.139 

GH67 

GH115 

1 

1 

0 

0 

0 

0 

α-L-rhamnosidase 

3.2.1.40 

or 

3.2.1.174 

GH78 

GH106 

4 

2 

2 

3 

3 

0 

Bifunctional β-xylosidase 

and α-galactosidase 

3.2.1.37 

and 

3.2.1.22 

GH27 and 

GH39 
1 0 0 

Bifunctional endo-1,4-β-

mannosidase and endo-

1,5-α-arabinosidase  

3.2.1.78 

and 

3.2.1.99 

GH5 and 

GH43 
1 0 0 

Bifunctional α-

galactosidase and 

rhamnogalacturonan I α-

1,2-galacturonidase 

3.2.1.22 

and 

3.2.1.171 

GH27 1 0 0 

Feruloyl esterase 3.1.1.73 CE1 3 1 4 

Acetylxylan esterase 3.1.1.72 

CE1 

CE2 

CE5 

1 

1 

1 

3 

1 

0 

2 

0 

0 

Total   77 57 61 

 

Interestingly, T. stollii SFI-F17 encoded eight and seven more α-arabinofuranosidases 

(EC 3.2.1.55) than T. stollii CLY-6 and T. pinophilus 1-95, respectively. These were 

GH51 and GH54 family α-arabinofuranosidases, which hydrolyse both 1,2- and 1,3-

linked arabinofuranose side-chains from arabinan and xylan backbones, and both of 

which have preference to act on branched polysaccharides. This is in contrast to GH43 α-

arabinofuranosidases, which cleave terminally-linked 1,5-arabinofuranose from α-

arabinofuranosides, while GH62 α-arabinofuranosidases are specific to arabinoxylans 

(Yeoman et al. 2010). The presence of GH51 and GH54 enzymes varies greatly in the 
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proteomes of fungi in general, with one study reporting a maximum of five and four GH51 

and GH54 enzymes produced by two fungi in a study of over 100 different fungal 

proteomes, while 43 proteomes did not produce any GH51 or GH54 enzymes (Zhao et al. 

2013). Many GH51 α-arabinofuranosidases have been characterised as having high 

thermostability, and one has been characterised as having stability at low temperatures 

(Yeoman et al. 2010; Cho et al. 2021). Therefore, it is possible that T. stollii SFI-F17 

acquired genes for GH51 α-arabinofuranosidases that may be stable at low temperatures, 

like those in the deep sea. However, experimental characterisation of α-

arabinofuranosidase activity at varying temperatures would be necessary to determine if 

this is the case. In relation the GH54 α-arabinofuranosidases, it is possible that the genes 

were acquired by T. stollii SFI-F17 to enable it to degrade hemicellulosic material in its 

environment more efficiently. Furthermore, in relation to lignin-degrading activities, 

seven AA family 1 laccases (EC 1.10.3.2) and one AA family 1 multicopper oxidase (EC 

1.-) were predicted to be secreted by T. stollii SFI-F17. Additionally, three AA family 3 

glucose oxidases (EC 1.1.3.4), two AA family 3 GMC oxidoreductases (EC 1.1.3.-), an 

AA family 5 galactose oxidase (EC 1.1.3.9), as well as thirteen AA family 7 FAD-linked 

oxidoreductases (EC 1.1.3.-), enzymes that produce H2O2 to fuel Fenton reactions or 

LPMOs for lignocellulose degradation (Bissaro et al. 2018), were predicted to be secreted.  

Overall, in the T. stollii SFI-F17 secretome, it was of note that T. stollii SFI-F17 encoded 

twenty more potentially secreted hemicellulose-degrading enzymes than T. stollii CLY-

6, and one more cellulose-degrading enzymes. Of particular note was the number of 

secreted GH51 and GH54 α-arabinofuranosidases and expansins encoded, both of which 

were larger than the terrestrial T. stollii CLY-6. This may be because the detritus that 

reaches the sea floor is usually highly lignified and the more readily degradable substrates 

like cellulose will have already been utilized by marine organisms before it gets to this 

point (Boetius and Lochte, 1994). Therefore, secreting more lignocellulose-degrading 

enzymes and accessory proteins like expansins may be advantageous to T. stollii SFI-F17 

in the deep-sea.  
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5.4 Conclusion 

In this study, the genome of deep-sea T. stollii SFI-F17 was sequenced and its CAZys 

were annotated. The CAZy repertoire encoded by T. stollii SFI-F17 consisted of 605 

genes. Of these, 366 were GHs, 115 were GTs, 7 were PLs, 28 were CEs, 78 were AAs 

and 84 contained CBM domains, with eleven of the CBMs being independent proteins. 

The overall repertoire of CAZys encoded by T. stollii SFI-F17 was very similar to that of 

the closely related terrestrial T. stollii CLY-6.  However, there were some key differences. 

The number and type of GTs involved in protein N- and O-linked glycosylation encoded 

by T. stollii SFI-F17 were different to those encoded by T. stollii CLY-6, indicating that 

proteins produced by T. stollii SFI-F17 may be glycosylated differently. This could be an 

adaptation to the deep-sea environment, as glycosylation heavily influences protein 

stability. The glycosylation could potentially make the proteins more tolerant to the high 

hydrostatic pressure, cold, and saline environment of the deep-sea. Additionally, chitin 

and hyaluronan synthases, enzymes crucial for cell wall integrity, were more numerous 

in the T. stollii SFI-F17 genome. Acquiring such genes could be an adaptation to high 

hydrostatic pressure in the deep-sea environment. Unlike T. stollii CLY-6, T. stollii SFI-

F17 encodes a PL17 exo-alginate lyase (EC 4.2.2.26), which degrades alginate found in 

marine brown algae, potentially a direct adaptation to the nutrients available in the deep-

sea. T. stollii also encodes more genes with CBMs, which can help to stabilise the attached 

CAZyme and to help it bind its substrate, therefore being useful in an environment like 

the deep-sea, where available substrate is heavily diluted. In terms of its lignocellulose-

degrading repertoire, T. stollii SFI-F17 produces an array of enzymes similar to that of 

both T. stollii CLY-6 and T. pinophilus 1-95. T. stollii SFI-F17 encodes a complete 

lignocellulose-degrading system, but it is yet to be determined the number and type of 

those actually produced by T. stollii SFI-F17. The most notable difference in the 

lignocellulolytic secretome between strains was that T. stollii SFI-F17 encoded 

significantly more GH51 and GH54 α-L-arabinofuranosidases than T. stollii CLY-6 and 

T. pinophilus 1-95. GH51 α-L-arabinofuranosidases have been shown to be stable at both 

high and low temperatures, potentially explaining why T. stollii SFI-F17 would encode 

more of these. However, why it would encode more GH54 α-L-arabinofuranosidases 

remains to be elucidated. As a next step, the proteome and secretome of T. stollii SFI-F17 
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should be characterised, to discover what proteins are actually produced by this fungal 

strain. 

To give an overview of chapter 5, a summary table has been included here. 

Table 5.32: Summary of main points from chapter 5. 

Summary 

Aim of study To sequence the genome and annotate the CAZy 

repertoire of the deep-sea T. stollii SFI-F17 strain. 

Why deep-sea fungi? Why T. 

stollii? 

Deep-sea fungi may produce more robust enzymes than 

terrestrial strains due to the extreme conditions they 

were isolated from. A marine Talaromyces sp. has never 

had its CAZymes annotated prior to this study. 

Strain Isolation Isolated from Porcupine Bank, North-East Atlantic 

Ocean at 1,775 m depth. 

Gene Number 11,458 genes. 

Potentially Novel Genes 794 genes (~7% of total). 

Gene homology to terrestrial 

Talaromyces 

T. stollii SFI-F17 has gene homology with T. pinophilus 

1-95, T. stollii CLY-6, and T. amestolkiae CIB. 

CAZy Repertoire T. stollii SFI-F17 encodes 605 CAZy genes, including 

366 GHs, 115 GTs, 7 PLs, 28 CEs, 78 AAs and 84 

CBMs. 

Potential genomic adaptations by 

T. stollii SFI-F17 to deep-sea 

environment (comparison with 

terrestrial T. stollii CLY-6) 

-Potentially glyosylates proteins differently to improve 

their stability.  

-Encodes more chitin and hyaluronan synthases- 

essential for cell wall integrity. 

-Encodes more CBMs-can help to stabilise attached 

protein and bind substrate. 

-Encodes more GH51 and GH54 α-L-

arabinofuranosidases-unlcear why. 

Future Outlook As T. stollii SFI-F17 encodes a complete lignocellulose-

degrading system, it has potential applications in 

lignocellulose waste treatment and bioenergy 

production. Secretome analysis using peptide 

sequencing technology would be the next logical step. 
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Chapter 6: Discussion and Conclusions 

 

For the final chapter of this thesis, the overall conclusions that were drawn from each of 

the results chapters were discussed. The aim of this thesis was to develop a biological, 

environmentally benign pre-treatment for cattle paunch contents to improve their 

biodegradability and biomethane potential during AD. Based on the hypotheses described 

in Chapter 1 and the experimental results obtained through this work, it was concluded 

that:  

 

(i) The novel deep-sea fungi and comparative terrestrial fungus studied here secreted 

a wide array of lignocellulose-degrading enzymes and were able to saccharify 

cattle paunch contents to various extents. The T. stollii SFI-F17 performed the 

best at saccharification. 

 

(ii) Rumen fluid combined with the T. stollii SFI-F17 secretome as a pre-treatment 

acted synergistically to improve the biomethane potential of cattle paunch 

contents during AD. 

 

(iii) The T. stollii SFI-F17 secretome pre-treating cattle paunch contents alone also 

significantly increased their biomethane potential. 

 

(iv) Rumen fluid pre-treatment alone did not increase the biomethane potential of 

cattle paunch contents relative to the untreated controls. 

 

(v) The genome sequence of T. stollii SFI-F17 encoded 605 CAZymes and associated 

non-catalytic CBMs. Of these, 366 were GHs, 115 were GTs, 7 were PLs, 28 were 

CEs, 78 were AAs and 84 contained CBM domains, with eleven of the CBMs 

being independent proteins. 

 

(vi) T. stollii SFI-F17 encodes a diverse range of CAZymes with potential adaptations 

to its deep-sea environment when compared to the similar, terrestrial T. stollii 

CLY-6 strain.  
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6.1 Screening of novel fungal secretomes for their lignocellulose-degrading activities 

The abilities of five novel deep-sea fungi and a comparative terrestrial fungus to secrete 

lignocellulose-degrading activities were characterised in this thesis. These were E. 

maritima SFI-F16, E. maritima SFI-D6, P. chrysogenum SFI-D13, P. chrysogenum 

BBW2 (terrestrial isolate), P. antarcticum SFI-F25 and T. stollii SFI-F17. They were 

isolated from deep-sea sediments of 900-2000 metres depth in the North Atlantic Ocean 

(Marchese et al. 2021). Due to the fact that they came from such an extreme environment, 

it was likely that the fungi would have developed adaptations for survival, including the  

production of robust proteins that may be useful for industrial applications, for example 

alkaliphilic or cold-tolerant enzymes (Batista-Garcia et al. 2017; Wu et al. 2024). For this 

study, the focus was specifically on their secreted lignocellulolytic enzymes. Fungi from 

the deep-sea were likely to be producers of lignocellulolytic enzymes because one of the 

main food sources in the deep-sea is recalcitrant lignocellulose, from fallen trees for 

example (Arndt et al. 2013; Bienhold et al. 2013; Moura Quierós et al. 2019; Bravo et al. 

2024). The results of this study showed that the secretome with the most lignocellulolytic 

activities was that of T. stollii SFI-F17. T. stollii SFI-F17 produced much higher 

combined levels of exo-acting GH activities when induced on WB than all of the 

other isolates studied, with a combined total of 8.02 IU.mL−1 at the peak-production 

time point. E. maritima SFI-F16 and SFI-D6 produced combined totals of 3.58 IU.mL−1 

and 1.99 IU.mL−1, while P. chrysogenum SFI-D13 and BBW2 produced combined totals 

of 3.07 IU.mL−1 and 3.38 IU.mL−1. The highest exo-acting GH activities for this isolate 

when induced on WB were recorded for β-D-galactosidase, β-D-glucosidase, β-D-

xylosidase, α-L-arabinofuranosidase and β-D-lactopyranosidase, at 2.3 ± 0.09 IU.mL−1, 

2.3 ± 0.23 IU.mL−1, 1.38 ± 0.08 IU.mL−1, 0.76 ± 0.05 IU.mL−1 and 0.63 ± 0.07 IU.mL−1, 

respectively. β-D-cellobiosidase activity was reported as 0.26 ± 0.02 IU.mL−1.  

Additionally, the six fungal strains’ ability to saccharify cattle paunch contents was 

preliminarily assessed, because there are many factors that influence the degradation of 

lignocellulose that were not tested for in Chapter 3, such as the presence of expansin-like 

proteins or LPMOs (Pech-Cervantes et al. 2019; Moreau et al. 2019). Initially, all 

secretomes were incubated individually at both 40 °C and 50 °C with paunch contents, as 

their optimal xylanase activities were determined to be at these temperatures in Chapter 
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3. These results showed that T. stollii SFI-F17 was the most capable of saccharifying 

paunch contents compared to the other fungal strains tested, at the same xylanase 

dosage of 60 IU per gram of paunch contents. 

Furthermore, the E. maritima SFI-D6, P. chrysogenum SFI-D13 and P. chrysogenum 

BBW2 secretomes were combined with the T. stollii SFI-F17 secretome at various 

dosages and incubated with paunch contents to see if the combinations could act in 

synergy with each other to improve saccharification. Each secretome was combined with 

the T. stollii SFI-F17 secretome because it produced the least xylanase activity and the 

most exo-hydrolase activities relative to the others, while the other fungal secretomes 

produced more xylanase activity and less exo-hydrolase activity than T. stollii SFI-F17 

(see Chapter 3). These specific combinations were chosen for paunch contents 

saccharification because they were shown to have xylanolytic synergy against the pure 

substrate 1% (w/v) rye arabinoxylan when combined with T. stollii SFI-F17 (Chapter 4). 

It was concluded that the T. stollii SFI-F17 secretome acting alone on paunch contents 

was the best for saccharification when compared to combinations of T. stollii SFI-

F17 with either P. chrysogenum SFI-D13, P. chrysogenum BBW2 or E. maritima SFI-

D6. Overall, through this selection process, the T. stollii SFI-F17 secretome was chosen 

to develop a pre-treatment for cattle paunch contents. 

 

6.2 Developing the pre-treatment and its effect on the biomethane potential of 

paunch contents 

The development of a pre-treatment suitable for the degradation of cattle paunch contents 

prior to AD involved using the T. stollii SFI-F17 secretome and/or rumen fluid. The first 

experimental condition involved the addition of rumen fluid to paunch contents followed 

by the T. stollii SFI-F17 secretome. It was hypothesised that the ligninolytic microbes in 

the rumen fluid would open up the recalcitrant lignocellulosic matrix for the subsequent 

action of the T. stollii SFI-F17 cellulases and hemicellulases, causing synergy in 

biomethane production. The second and third conditions involved incubating the paunch 

contents with (a) just the T. stollii SFI-F17 secretome and (b) just rumen fluid. The fourth 

condition was untreated paunch contents. This was to establish baseline biomethane 

potentials for each of these conditions, to compare with each other and with the two-step 

treatment. The results showed that there was synergy between the rumen fluid and 
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T. stollii SFI-F17 secretome when using the two-step pre-treatment in producing 

biomethane. Synergy was defined as the biomethane potential being greater during the 

two-step treatment than the sum of the biomethane potentials during the just secretome 

and just rumen fluid treatments. Furthermore, according to a preliminary economic 

assessment, if this pre-treatment was implemented prior to AD of paunch contents by a 

case-study slaughterhouse, average energy savings of €232 could be made per DM 

tonne of paunch contents.  

Interestingly, while the two-step pre-treatment increased the biomethane potential of 

paunch contents synergistically, there was less TCH released from the paunch contents 

during the T. stollii SFI-F17 saccharification step when the paunch contents were treated 

with both rumen fluid and secretome. A possible explanation for this was the inhibition 

of the secretome enzymes by soluble phenolics present in the supernatant. A way to 

remove this inhibition in future experiments could be to include a step in the pre-

treatment, which detoxifies the supernatant after the rumen fluid treatment step. Methods 

that have been used to remove inhibitory phenolic compounds in other studies include 

electrochemical polymerisation, hydrophobic deep eutectic solvents, fungal laccases and 

activated carbon treatment, for example (Ludwig et al. 2013; Lee et al. 2015; Hahn 

Schneider, 2020; Arminda et al. 2021). 

Overall, the biomethane potential of the two-step treated L1, L2 and L3 paunch 

contents were increased by 104.68%, 104.84% and 83.24% compared to the untreated 

controls. When pre-treated with just the T. stollii SFI-F17 secretome, the biomethane 

potential increased by 44.58%, 74.47% and 101.35% compared to the untreated controls. 

However, this pre-treatment was unoptimised, and therefore may be improved through 

further optimisation in future experiments. For example, changing the incubation times 

with rumen fluid and/or secretome, combining the rumen fluid and secretome steps into 

one step, reversing the order of the two steps, and/or including a phenolic detoxification 

step in the pre-treatment may significantly increase the biodegradability and biomethane 

production from the paunch contents. Furthermore, co-digestion strategies should be 

explored with pre-treated paunch contents and other wastes. As co-digestion has 

previously been shown to act synergistically in biomethane production, it is possible this 

could be improved further by reducing the recalcitrancy of the paunch contents (Buendía 

et al. 2009; Browne et al. 2013; Ware and Power, 2016). 
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6.3 Genomic characterisation of T. stollii SFI-F17 CAZy repertoire 

Finally, to determine genetic adaptations and diversity in T. stollii SFI-F17, and to 

understand why it was an excellent degrader of paunch contents, its genome was 

sequenced and its CAZy repertoire annotated. In total, 11,458 genes were encoded in the 

genome. CAZymes and their associated CBMs represented 605 of these genes. Out 

of these, 366 were GHs, 115 were GTs, 7 were PLs, 28 were CEs, 78 were AAs and 84 

contained CBM domains, with eleven of the CBMs being independent proteins.  

Furthermore, there were some interesting potential adaptations made by T. stollii SFI-F17 

to its genome. Potential differences in protein glycosylation, cell wall structure and 

the number of CBMs between T. stollii SFI-F17 and the closely related terrestrial T. 

stollii CLY-6 were of note, as they may be adaptations to improve cell wall and protein 

stability under the high hydrostatic pressure, low temperatures and saline environment of 

the deep-sea.  

In terms of its lignocellulose-degrading CAZys, T. stollii SFI-F17 encodes a complete 

lignocellulose-degrading system, but the number and type of those actually produced by 

T. stollii SFI-F17 is yet to be elucidated. Of particular interest was the larger quantity of 

GH51 and GH54 α-L-arabinofuranosidase and expansin-like genes that were 

encoded in the T. stollii SFI-F17 genome when compared to T. stollii CLY-6 and T. 

pinophilus 1-95. GH51 α-L-arabinofuranosidases have been shown to be stable at low 

temperatures, potentially explaining why T. stollii SFI-F17 would encode more of these. 

However, why it would encode more GH54 α-L-arabinofuranosidases remains to be 

determined. Expansin-like proteins are important in the degradation of lignocellulose, as 

they loosen the matrix structure, thereby improving the accessibility of other hydrolytic 

proteins such as cellulases and xylanases (Pech-Cervantes et al. 2019). In future 

experiments, understanding their possible role in paunch contents hydrolysis (and 

lignocellulose hydrolysis in general) could provide key insights into the mechanisms of 

degradation employed by T. stollii SFI-F17.  
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Appendices 

Chapter 2 Supplementary Data 

Supplementary Table 2.1: Energy content in paunch contents, perennial ryegrass and 

Italian ryegrass on a DM basis. 

Feedstock type Energy content (MJ/kg 

DM) 

Source 

Paunch contents 16.7 Ricci, 1977 
 

17-20 Spence, 2017 

Perennial ryegrass 18-18.6 Cammell et al. 1986 
 

11.7 Sun et al. 2010 

Italian ryegrass 10.45 Özelçam et al. 2015 
 

12.85 Sun et al. 2010 
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Supplementary Table 2.2: Paunch contents composition 

Source 

Baumann 

1971, 

Withero

w & 

Scaeif 

1976 

Ri

cci

19

77 

Garc

ia et 

al. 

2019 

Ocker

man & 

Hanse

n 1998 

Ocker

man & 

Hanse

n, 

1998 

Nke

mka 

et al. 

201

5 

Nke

mka 

et al. 

201

6 

Ware 

& 

Power, 

2016 

Abo

uhie

f et 

al. 

199

9 

Bai 

et al. 

202

3 

Bai 

et al 

202

5 

Mean 
SD 

(±) 

Moisture 

(%) 
6.8 

15.

3 
- 6 80 - - - 86.4 - - NR NR 

Protein 

(%) 
12.7 

10.

3 
15 12.6 2.5 9 11.6 13.8 14.2 - - 11.30 3.80 

Fat (%) 3.1 4.4 - - - 3.2 - 0.5 1.7 - - 2.58 1.51 

Calcium 

(%) 
0.6 0.5 - 0.59 0.13 - - - - - - 0.46 0.22 

Ash (%) 7.2 6.7 - - - - - - 11.6 1.46 - 6.74 4.15 

Phosphor

us (%) 
1.5 1.4 - 1.46 0.3 - - - - 0.03 

0.02

5 
0.79 0.74 

WS 

Carbohyd

rate (%) 

40.8 42 - - - - - 78.4 - - - 53.73 
21.3

7 

TS (%) - 
16.

25 
- 0.6 0.9 25.5 29.6 22.2 - 

23.4

5 
19.1 17.20 

10.9

1 

VS (% of 

TS) 
- - - - - 93 93 92.7 - 

21.9

8 
18.1 92.90 0.17 

Nitrogen 

(%) 
- - - 2 0.4 1.45 1.9 2.2 - 0.21 0.48 1.23 0.85 

Cellulose 

(%) 
- - - - - 34 33.3 - - 

34.0

0 
41.3 35.65 3.78 

Hemicell

ulose (%) 
- - - - - 30 27.6 - - 

35.0

0 
27.6 30.05 3.49 

NDF/lign

ocellulos

e (%) 

- - 68.1 - - - - - 59.2 - - 63.65 6.29 

ADF (%) - - 39.9 - - - - - 36.7 - - 38.30 2.26 

ADL (%) - - 10.9 - - 6.95 6.5 - -   8.12 2.42 

OMD 

(%) 
- - - - - - - - -   - - 

SD (±) = standard deviation. NR = Not relevant. 
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Supplementary Table 2.3: Perennial Ryegrass composition 
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Supplementary Table 2.4: Italian ryegrass composition 
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Chapter 3 Supplementary Data  

 

Supplementary Figure 3.1: Effect of temperature on xylanase activity in secretomes 

from (A) E. maritima strain SFI-F16, (B) E. maritima strain SFI-D6 (C) P. chrysogenum 

strain SFI-D13, (D) P. chrysogenum  strain BBW2, (E) P. antarcticum strain SFI-F25, 

and (F) T. stollii strain SFI-F17 relative to activity at the optimum reaction temperature, 

using rye arabinoxylan as substrate in reactions at 1, 10, 20, 30, 40 50 and 60 °C and pH 

5.0. Samples tested were harvested at their respective highest xylanase production peaks 

during LSF on WB at 25 °C and 180 RPM orbital shaking speed. Error bars represent 

standard deviation of measurements from duplicate flasks.    
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Supplementary Figure 3.2: Effect of pH on crude xylanase from (A) E. maritima 

strain SFI-F16, (B) E. maritima strain SFI-D6 (C) P. chrysogenum strain SFI-D13, (D) 

P. chrysogenum strain BBW2, (E) P. antarcticum strain SFI-F25, and (F) T. stollii 

strain SFI-F17, relative to the respective optima, using rye arabinoxylan as assay 

substrate in reactions at 50 C and pH 3.0, 4.0, 5.0, 6.0, 7.0 and 8.0. For T. stollii (F),% 

relative activity was also reported at pH values of 1.5, 2.0 and 3.5. Samples tested were 

harvested at their respective highest xylanase production peaks during LSF on WB at 

25 °C and an orbital shaking speed of 180 RPM. Error bars represent standard deviation 

of measurements from duplicate flasks.  
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Chapter 4 Supplementary Data 

 

 

Supplementary Figure 4.1: A flowchart showing an overview of the methodology 

followed in Section 4.2-Materials and Methods.  
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Supplementary Figure 4.2: Total soluble carbohydrates, reducing sugars and glucose 

released during T. stollii SFI-F17 secretome pre-treatment of L1 paunch contents. (A) 

Reducing sugars released (mg/g paunch contents); (B) Glucose released (mg/g paunch 

contents); (C) Total soluble carbohydrates, reducing sugars and glucose released (mg/g 

paunch contents) at the 24 h time-point for cross comparison. +RF= rumen fluid pre-

treated; -RF=not rumen fluid pre-treated; +E= pre-treated with T. stollii SFI-F17 

secretome; -E= not pre-treated with T. stollii SFI-F17 secretome. Error bars represent 

standard deviation between replicates. 
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Supplementary Figure 4.3: Total soluble carbohydrates, reducing sugars and glucose 

released during T. stollii SFI-F17 secretome pre-treatment of L2 paunch contents. (A) 

Reducing sugars released (mg/g paunch contents); (B) Glucose released (mg/g paunch 

contents); (C) Total soluble carbohydrates, reducing sugars and glucose released (mg/g 

paunch contents) at the 24 h time-point for cross comparison. +RF= rumen fluid pre-

treated; -RF=not rumen fluid pre-treated; +E= pre-treated with T. stollii SFI-F17 

secretome; -E= not pre-treated with T. stollii SFI-F17 secretome. Error bars represent 

standard deviation between replicates. 
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Supplementary Figure 4.4: Total soluble carbohydrates, reducing sugars and glucose 

released during T. stollii SFI-F17 secretome pre-treatment of L3 paunch contents. (A) 

Reducing sugars released (mg/g paunch contents); (B) Glucose released (mg/g paunch 

contents); (C) Total soluble carbohydrates, reducing sugars and glucose released (mg/g 

paunch contents) at the 24 h time-point for cross comparison. +RF= rumen fluid pre-

treated; -RF=not rumen fluid pre-treated; +E= pre-treated with T. stollii SFI-F17 

secretome; -E= not pre-treated with T. stollii SFI-F17 secretome. Error bars represent 

standard deviation between replicates. 
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Chapter 5 Supplementary Data 

Supplementary Table 5.1: Genome assembly statistics for T. stollii SFI-F17. 

Parameter Value 

Contig count 341 

Contig base count 33,787,280 

Contig N50 528,945 

Contig GC content 46.81% 

Scaffold count 307 

Scaffold base count 33,790,813 

Scaffold N50 633,931 

Scaffold GC content 46.81% 

Scaffold gap count 37 

Scaffold gap base count 3,430 

 

 

 


