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5. Outline of the work done during the fellowship 

Wheat straw was fermented under solid state fermentation (SSF) conditions for 21 days using 

various wood rotting fungi distinctively selected on the basis of their wood rot type, substrate 

preference, phylogenetic affiliation and differential ability to degrade lignocellulosic 

biomass. The fungal fermented feed (called here pre-digested feed) was then analysed for its 

cell wall compositional changes in terms of ADF (Acid Detergent Fiber), NDF (Neutral 

Detergent Fiber), Cellulose, hemicellulose and lignin and used as substrate in 2nd phase of 

study. In the 2nd phase, the pre-digested feed digested anaerobically using a blend of 

anaerobic fungi from all six genera to study the effect of pre-digestion of feed in improving 

digestibility of wheat straw.  The pre-digestion of wheat straw effectively degraded lignin 

(anti nutritional entity) and enhanced the availability of cellulose and hemicellulose for 

rumen anaerobic fungi which eventually resulted in enormous improvement in True 

Degradability (TD), Apparent Digestibility (AD) and NDF digestibility of poor quality of 

wheat straw. In addition to this, the pre-digestion of feed has shown potential to both, 

enhance and mitigate methane production simultaneously during anaerobic digestion of 

wheat straw. This study needs to be further persuaded to explore the diverse characteristics of 

wide spectrum yet mysterious wood rotting fungi. 

5.1. Introduction 

This work started with following the realization of the importance of microbial feed additives 

which are generally used in ruminant agriculture for several purposes, e.g. bacterial 

probiotics for modulating the intestinal microbiota and supplementation of feed with 

microbial exogenous fibrolytic enzymes enzymes. One approach with great potential benefits 

for animal health and performance is to pre-digest feedstock in solid substrate fungal 

fermentations so that the more recalcitrant fibre components are degraded thus allowing more 

rapid and efficient digestion. In most agricultural systems, the diet of ruminants is mainly 

composed of poorly digested fibre, so the development of such pre-digestion method could 

greatly increase the nutritional quality of the diet.  

Fungi are particularly useful in this respect since they are the main degraders of plant-derived 

lignocellulose in nature. The two most promising groups are either the white-rot fungi (WRF; 

phylum Basidiomycota), known to be the most efficient degraders of lignin via their unique 

lignin peroxidase enzymes and the anaerobic rumen fungi (ARF; phylum 

Neocallimastigomycota), which are particularly effective in disintegration of cellulose and 
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hemicellulose in rumen. Thus these two groups of fungi, very different from each other in 

most respects, have complementary catabolic capabilities, and if used sequentially have great 

potential for increasing the digestibility of low quality feedstocks. Since populations of ARF 

are already resident in the rumen, the ARF used in the second fermentation will augment 

these indigenous populations and thus continue to act following feed ingestion - however, 

assessment of such augmentation is beyond the scope of the present project.  

The aim of the proposed work is to conduct sequential fermentations (WRF, then ARF) in 

solid substrate fermentation through screening of various WRF initially followed by ARF. 

The extensive culture collections of both WRF and ARF at IBERS, UK will be highly 

beneficial to achieve the aim. Moreover, the genome of several fungal isolates has already 

been sequenced and that will give us added advantage of possibility of exploring genes of 

vital importance.  

Keeping the strict timeline and background in mind following objectives will be undertaken 

in the proposed study: 

a) Selection of mostly WRF (but including some soft rot and brown rot fungi) for 

carrying out SSF of wheat straw based on their phylogenetic positions  

This wide range of fungi were chosen to generate a basic data related to their growth 

pattern and their comparative lignocellulolytic capability 

b) Solid state fermentation of wheat straw by selected fungi 

The more promising of the WRF will be used to carry out SSF of wheat straw and dry 

weight loss, and cell wall compositional changes will be analysed, which involve 

analysis of changes in fibre quality (ADF, NDF, lignin, cellulose, hemicellulose and 

ash).  

c) Anaerobic fermentation of fungal fermented wheat straw 

A blend of different prominent anaerobic fungi from all six genera will be used to 

ferment wheat straw in vitro. The second fermentation of fungal fermented wheat 

straw will be carried out to assess cumulative digestion/degradation of wheat straw as 

a result of sequential fermentation. The aim of this study to select a fungus best suited 

for the pre-treatment of wheat straw to make it amenable for anaerobic fermentation 

eventually increasing its digestibility. 
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Moreover, fungal delignification of lignocellulosic substrate has also been reported to 

increase accessibility of carbohydrate content (cellulose and hemicellulose) for rumen 

microorganisms. Thereby, during the anaerobic digestion of fungal fermented wheat straw, 

attempts will also be made to set up a biogas measurement (total gas and methane), change in 

volatile fatty acid (VFAs) composition and pH.  

5.2. Materials & Methods  

5.2.1 Wheat straw 

Wheat straw was collected locally from farm in Aberystwyth in the month of august and 

milled to 1mm size using laboratory mill at gogerddan campus, IBERS Aberystwyth 

University. The batch of wheat straw kept same throughout the experiment to maintain 

uniformity and avoid variations due to type/variety of wheat straw.  

5.2.2 Fungi 

A total number of 13 Fungal cultures and 6 anaerobic rumen fungi were procured from 

culture collection of  Microbiology Research Group, Institute of Biological, Environmental 

and Rural Sciences, Aberystwyth University, Reception, Penglais, Aberystwyth, Ceredigion, 

SY23 3DD. The wood rotting fungal cultures were grown on malt extract agar (MEA) 

containing (gl-1): malt extract, 30 agar, 20 (pH 5.5) at 30°C (Vasdev et al. 2005).  

The study was carefully designed to incorporate various wood rotting fungi having 

distinct wood rot type, substrate preference, phylogenetic position and background 

information pertaining to wood degradation pattern (Table 5.1). All the wood rotting fungi 

were revived from -80 glycerol stocks of culture collection of Mycology, Group, IBERS. 

Details of fungal isolates used are in the order of isolate no., genus, sp. and strain name given 

as follows: 711 Pleurotus ostreatus Shop, 717  Schizophyllum commune Gary, 716 

Coprinus cinereus FGSC 9003, 774 Agrocybe pediades KR3a, 720 Phanerochaete 

chrysosporium FGSC 9002,  748 Sphaerobolus stellatus T-800,  721 Gloeophyllum trabeum

 ATCC 11539, 723 Hymenochaete corrugata Rob Ashlin, 726 Fusarium proliferatum 

MUCL 31970, 715 Bjerkandera adusta FP 135160-Sp, 713 Pycnoporus cinnabarinus 

PB, 714 Ceriporiopsis subvermispora FP 90031-Sp, 769 Phlebia brevispora HHB-7030 

(Table 5. 1). These fungi were also used in the PhD studies of Andrew P Detheridge (2010). 
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Table 5.1 Various wood rotting fungi used for SSF of wheat straw 

No Species Strain  Phylum Order Family 

711 Pleurotus ostreatus Shop BA

g1 

Basidiomy

cota 

Agaricales Pleurotaceae 

717 Schizophyllum commune Gary BA

g3 

Basidiomy

cota 

Agaricales Schizophyllacea

e 

716 Coprinus cinereus FGSC 

9003 

BA

g2 

Basidiomy

cota 

Agaricales Psathyrellaceae 

774 Agrocybe pediades KR3a  Basidiomy

cota 

Agaricales Bolbitiaceae 

776 Crinipellis stipitaria KR7  Basidiomy

cota 

Agaricales Marasmiaceae 

777 Cystoderma aminathinum KR8   Basidiomy

cota 

Agaricales Agaricaceae 

778 Lepista nebularis KR12   Basidiomy

cota 

Agaricales Tricholomatace

ae 

779 Lepista nuda KR13   Basidiomy

cota 

Agaricales Tricholomatace

ae 

739 Heterochaete shearii           MUCL 

32285 

 Basidiomy

cota 

Auriculariales Exidiaceae 

762 Auricularia delicata TFB100

46 

 Basidiomy

cota 

Auriculariales Auriculariaceae 

763 Coniophora puteana RWD-

64-598 

 Basidiomy

cota 

Boletales Coniophoraceae 

706 Botryobasidium 

sphaericosporum  

MUCL 

32749 

BCa

1 

Basidiomy

cota 

Cantharellales Botryobasidiace

ae 

720 Phanerochaete 

chrysosporium 

FGSC 

9002 

BC

o2 

Basidiomy

cota 

Corticiales Corticiaceae 

748 Sphaerobolus stellatus  T-800  Basidiomy

cota 

Geastrales Sphaerobolacea

e 

721 Gloeophyllum trabeum ATCC 

11539 

BGl

1 

Basidiomy

cota 

Gloeophyllale

s 

Gloeophyllacea

e 

723 Hymenochaete corrugata Rob 

Ashlin 

BH

y1 

Basidiomy

cota 

Hymenochaet

ales 

Hymenochaetac

eae 

766 Fomitiporia mediterranea MF3/22   Basidiomy

cota 

Hymenochaet

ales 

Hymenochaetac

eae 

726 Fusarium proliferatum MUCL 

31970 

AH

1 

Ascomycot

a 

Hypocreales Nectriaceae 

715 Bjerkandera adusta FP 

135160-

Sp 

BPo

3 

Basidiomy

cota 

Polyporales Coriolaceae 

713 Pycnoporus cinnabarinus PB BPo

6 

Basidiomy

cota 

Polyporales Polyporaceae 

714 Ceriporiopsis 

subvermispora 

FP 

90031-

Sp 

BPo

2 

Basidiomy

cota 

Polyporales Coriolaceae 

769 Phlebia brevispora HHB-

7030  

 Basidiomy

cota 

Polyporales Corticiaceae 

725 Ganoderma lucidum 36123 BPo

5 

Basidiomy

cota 

Polyporales Ganodermatace

ae 

719 Postia placenta MAD 

698 

BPo

4 

Basidiomy

cota 

Polyporales Coriolaceae 
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772 Wolfiporia cocos MD-

104 

 Basidiomy

cota 

Polyporales Corticiaceae 

771 Stereum hirsutum FP-

91666 

 Basidiomy

cota 

Russulales Stereaceae 

741 Sistotremastrum 

niveocremeum     

MUCL 

34707 

 Basidiomy

cota 

Trechisporale

s 

Trechisporaceae 

701 Xylaria polymorpha MUCL 

29025 

AX

1 

Ascomycot

a 

Xylariales Xylariaceae 

 

5.2.3 Growth of wood rotting fungi on malt extract medium 

Each malt extract agar plates was inoculated with mycelial disc (8 mm dia. each) of 

respective fungus from the periphery of fresh fungal culture growing on MEA and incubated 

at 30 °C until the completion of growth. Mycelial extension (mm) is recorded every day to 

assess the growth profile. 

5.2.4 Solid state fermentation of wheat straw 

Glass petri dishes (borosilicate glass 80mm diameter Duran, Fisher Scientific UK Ltd) 

containing 6.0 g of wheat straw were moistened with tap water (pH 7.2) in S:L ration of 1:3 

and autoclaved at 121°C for 15 min. Each sterilized petri dish was inoculated with respective 

fungal strain by placing an agar plug (8mm) in the centre of petri dish and incubated at 30°C 

for 21 days. The un-inoculated petri dish without fungal inoculation were used as control. 

The experiment was carried out in triplicates unless otherwise stated. Non-inoculated (NI) 

controls were run in parallel. These were prepared in same conditions as inoculated (I) but 

was not inoculated with the fungus. This was done to make sure that the only difference 

between samples was the fungus treatment. 

The petri dishes were observed for fungal mycelial expansion regularly and growth diameter 

was recorded and photographs were taken occasionally. The petridishes were harvested after 

21 days and Weight loss of wheat straw was determined by deducting the oven dried myco-

straw at 60°C to a constant weight from the weight of dried unfermented (control) straw 

(Shrivastava et al., 2011).  

5.2.5 Anaerobic fermentation of fungal pretreated wheat straw 

Six different anaerobic rumen fungi were procured from cryopreserved stocks from culture 

collection facility and resuscitated as per the standard procedure. Anaeromyces sp. (isolate 

Tmc002.28Xy), Neocallimastix frontalis (GC-1C), Orpinomyces sp. (isolate Tmc002.79.3), 
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Caecomyces sp. (Isolate Tmc3.7Bulb), Piromyces sp. (Isolate Tmc3.3) 

and Bwuchfawromyces eastonii (Isolate Ge09) were resuscitated from frozen stocks and 

maintained in active state until the commencement of anaerobic fermentation experiment.  

The basal growth media was adapted from Orpin (1977) and Davies et al., (1993) and was 

prepared as follows:  per 1L, 150 ml salts solution 1 (3 g.L-1 K2HPO4 in distilled water), 150 

ml salts solution 2 (3 g KH2PO4, 6 g (NH4)2SO4, 6 g NaCl, 0.6 g MgSO4.7H20 and 0.6 g 

CaCI2.H2O; dissolved in 1 L distilled water, in that order), yeast extract (3 g; Oxoid), 

tryptone (10 g; Fisher) and 0.1% resazurin solution (1 ml) were mixed and made up to 850 ml 

with distilled water. After boiling (until light red in colour) and cooling, 150 ml centrifuged 

(clarified) rumen fluid, 6 g NaHCO3 and 1 g L-cysteine-HCl were added. Thereafter, 54 mL 

media was dispensed in to the serum bottles containing pre-weighed 0.8g of wheat straw 

(either untreated control or fungal fermented wheat straw) and deoxygenated by gassing with 

CO2 for 1 hr. No separate carbon source was supplied in media except wheat straw. Prior to 

dispensing the pH was adjusted to pH 6.9 using 5M NaOH, measured using a Digital pH 

meter (Hach H170). The medium was dispensed under strict anaerobic conditions using a 

Perimatic™ GP Pump Dispenser (Jencons). Bottles were then capped with a polypropylene 

bung held in place by a screw cap or an aluminium crimp and autoclaved (121°C/15 min/15 

psi). 

The autoclaved bottles were cooled and inoculated with 6.0 mL inoculum consisting 

of six anaerobic fungi. The experimental bottles were incubated at 39°C for 10 days and total 

biogas and methane content was measured every 24 hr. At the end of experiment the content 

of bottles were filtered through 2 layers of muscline cloth and processed for determination of 

pH, VFAs, dry matter and compositional changes (ADF, NDF, Cellulose, Hemicellulose, 

lignin, ash).  

5.2.6 Monitoring fungal growth and total biogas 

The pressure, volume, and methane content of headspace gas was measured and released 

every 24 hours after inoculation. The growth of anaerobic fungi was measured using a 

pressure transducer (Datatrack, Process Instruments Tracker200). The transducer had a 23G 

needle attached and the pressure was displayed (In PSI) on the digital display. The rubber 

septum on the culture bottle was flame sterilised before penetrating with the needle and the 

corresponding gas volume removed using a calibrated syringe until the headspace pressure in 

the bottle was zero. Once the pressure in the bottle was equalised, a 500 μl sample of 
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headspace gas was taken for methane quantification. This was done by injecting the 500 μl 

sample into a Varian CP3380 Gas Chromatograph. 

5.2.7 Volatile Fatty Acid (VFA) analysis 

Volatile fatty acid analysis was conducted using a Varian CP3380 Gas Chromatograph (GC) 

fitted with a HP-FFAP column from J&W Scientific. Samples were prepared as follows; 4 ml 

of culture supernatant was mixed with 1 ml of internal standard containing 20% 

orthophosphoric acid and 20mM of 2-ethylbutyric acid. Approximately 2 ml of this was 

filtered through a sterile 0.22μM filter Into a GC vial and caped, 1μl of this sample was then 

injected onto the GC using the Varian CP8400 auto sampler. The GC had the following 

conditions ; Inlet/Injector: 250°C; FID: 250°C; Carrier gas : Hydrogen at 6psi (flow 20 

ml/min); make up gas : Nitrogen at 20 ml/min; Hydrogen: 30 ml/min; Air: 300 ml/min; Split 

flow: 40 ml/min. Oven temperature program: 80°C initial temperature, 1 minute hold after 

injection; 20°C/minute up to 120°C; 6.2°C/minute up to 140°C; 20°C/minute up to 205°C, 

final hold for 5.52 minutes . Total run time 15 minutes. Data collection and analysis are 

carried out using the Varian Galaxie Chromatography Workstation software version 1.9.3.2. 

Analysis was also conducted on non-inoculated media, which acted as a baseline control, 

VFA concentrations in experimental samples were normalised by subtracting VFA 

concentrations in non-inoculated media.   

5.2.8 Compositional Analysis  

The contents of ADF, NDF, cellulose, hemicellulose and lignin were determined by methods 

described by Van Soest (Goering and Van Soest 1970; Van Soest et al. 1991) using Ankom 

fiber analyzer (Ankom Technology, Macedon, NY, USA). Losses of components of wheat 

straw after treatment were calculated as follows: U1=[(G0C0-G1C1)/G0C0] x 100 

Where, G0 and G1 are the substrates dry weight at the beginning and end of fermentation. C0 

and C1 are the dry weights of the components at the beginning and end of fermentation. The 

total solids (TS) and volatile solids (VS) of the straw material (Standard Method SS 028113) 

were measured before and after the aerobic incubation period. 
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5.3. Results: 

5.3.1 Growth of wood rotting fungi on MEA medium 

Since a rapid pre-treatment phase is important for the prospective success of the method we 

are investigating here, our initial aim was to screen the full range of wood decay fungi in 

order to focus attention on those which grew quickly and reliably. Out of 28 wood rotting 

fungi taken initially, 15 namely, 711 Pleurotus ostreatus Shop, 717 Schizophyllum commune 

Gary, 716 Coprinus cinereus FGSC 9003,  774 Agrocybe pediades KR3a, 720 

Phanerochaete chrysosporium FGSC 9002,  748 Sphaerobolus stellatus T-800,  721 

Gloeophyllum trabeum ATCC 11539, 723 Hymenochaete corrugata Rob Ashlin, 726 

Fusarium proliferatum MUCL 31970, 715 Bjerkandera adusta FP 135160-Sp, 713 

Pycnoporus cinnabarinus PB, 714 Ceriporiopsis subvermispora FP 90031-Sp, 769 Phlebia 

brevispora HHB-7030  grew very fast and revived quickly (Figure 5.1). They exhibited a 

range of growth morphologies on the straw with colours ranging from white, yellowish to 

pink and also variation in the density and range of growth of the mycelium over the straw 

substrate (Fig 5.3).   

 

Fig. 5.1 Growth of various wood rotting fungi on MEA medium 
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Among all the fungi used P. chrysosporium, C. subvermispora and P. brevispora grew at the 

fastest rate followed by B. adusta and P. cinnabarinus. While P. ostreatus and F. 

proliferatum grew at their usual moderate pace, F. mediterranea, X.polymorpha and C. 

aminathinum were the slowest grower and completed their growth over the surface of the 

agar in 90 mm petridishes in 28, 37 and 60 days, respectively (Fig. 5.2). 

 

Fig 5.2 Growth Profile of wood rotting fungi on MEA 

5.3.2 Solid state fermentation of wheat straw by various wood rotting fungi  

All 13 fungi tested for SSF of wheat straw grew well on wheat straw at a variable pace. 

Though few of them exhibited a very luxuriant growth having thick mycelium all over the 

straw surface and deep penetration till the bottom of wheat straw i.e.  P. ostratus, P. 

cinnabarinus, B. adusta, C. cinereus, S. commune and F. proliferatum.  However, in case of 

other fungi used the growth was not that prominent and visible but texture of wheat straw was 

modified substantially and fungal hyphae were observed deep within the substrate e.g.   C. 
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subvermispora, P. chrysosporium, G. trabeum, H. corrugata, S. stellatus, P. brevispora and 

A. pediades. Overall the texture of wheat straw was changed very prominently due to 

fermentation and the final fermented wheat straw (pre-digested feed) was soft, light in weight 

and white to yellow in colour (Fig 5.3).  



12 
 

 

 

 

 

 

 

Fig. 5.3 Growth Profile of wood rotting fungi on wheat straw  
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Fig. 5.4 profile of growth of wood rotting fungi on wheat straw  

Moreover, all the fungi used grew (in terms of radial growth rate) comparatively more slowly 

on wheat straw then MEA medium and completed their growth from 7-21 days. The slowest 

to grow among them was S. stellatus (21 days) followed by P. brevispora (13 days) and H. 

corrugata (11 days), while rest completed their growth within 7-8 days after inoculation (Fig. 

5.4).  

In accordance to the variable growth rate and colonization efficiency the different wood 

rotting fungi exhibited highly variable Dry matter loss (DML %) profile during SSF of wheat 

straw. P. chrysosporium, P. cinnabarinus and B. adjusta showed maximum dry matter loss as 

13.2%, 12.2% and 11%, respectively, while, S. stellatus, P. brevispora and H. corrugata 

caused minimal dry matter loss as 1.6%, 3.3% and 3.9%, respectively (Fig 5.5). C. 

subvermispora surprisingly caused almost negligible DML (0.2%) and this also could be an 

experimental artefact. 
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Fig. 5.5 Dry matter loss (DML %) during SSF of wheat straw  

 

5.3.3 Cell wall compositional changes of wheat straw during SSF of wheat straw 

The different wood rot fungi used, degraded the wheat straw and changed the proportion of 

various cell wall components i.e. lignin cellulose and hemicellulose substantially. These 

fungi, though degraded almost similar amount of ADF and NDF (acid detergent fibre and 

neutral detergent fibre) but relative proportion of ingredient components i.e. cellulose, 

hemicellulose and lignin varied significantly. Maximum ADF was degraded up to 21.69 and 

20.42 % in case of P. chrysosporium and P. cinnabarinus, respectively and lowest ADF 

degradation was observed for S. stellatus and F. proliferatum (9.49 and 9.82 %, respectively). 

P. cinnabarinus also degraded maximum NDF content of wheat straw (23.19 %) followed by 

P. chrysosporium (22.68 %), while C. subvermispora and S. stellatus exhibited minimal NDF 

degradation i.e. 8.93 and 9.15 %, respectively (Table 5.2). Cellulose component was 

maximally degraded up to 24.80 and 14.95 %, respectively by P. chrysosporium and A. 

pedidades while minimum cellulose degradation was carried out by C. subvermispora, P. 



15 
 

ostreatus and H. corrugata as 1.66, 4.72 and 4.91 %, respectively. Hemicellulose content was 

maximally degraded up to 29.89 % by P. cinnabarinus coincided with maximum NDF 

degradation achieved by it. Whereas, minimal hemicellulose degradation was achieved by C. 

subvermispora (4.46 %) followed by P. brevispora (6.35 %). Moreover, minimal 

hemicellulose and cellulose degradation was accompanied by maximum degradation of lignin 

(32.42 %) by C. subvermispora followed by 30.55 % lignin degradation by C. cinereus.  

Lignin was least modified by S. commune and P. brevispora as 12.98 and 13.01 %, 

respectively.  The cellulose/lignin (C/L) ratio, which is a measure of carbohydrate 

consumption relative to the lignin degradation was found 2.4 in control wheat straw. The C/L 

ratio was observed substantially improved by C. subvermispora up to 3.51, followed by C. 

cinereus (3.12), P. ostreatus (3.09) and H. corrugata (3.07). The least improvement or 

downfall in C/L ratio was observed by P. chrysosporium (2.21) followed by S. commune and 

P. brevispora as 2.4 (Table 5.2).  
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Table 5.2 cell wall compositional changed (% w/w) of wheat straw during Solid State Fermentation by various fungi  

Strain No. Fungal sp.    ADF  NDF Cellulose Hemi  lignin C/L Ratio 

         

 Control WS  65.239 92.222 43.100 26.983 17.867 2.41 

         

711 Pleurotus ostreatus 58.454 77.613 41.068 19.159 13.294 3.09 

  % deg 10.40 15.84 4.72 29.00 25.59  

  STDEV 0.56 0.69 0.64 0.50 0.84  

717 Schizophyllum commune 56.821 75.884 37.317 19.064 15.548 2.40 

  % deg 12.90 17.72 13.42 29.35 12.98  

  STDEV 0.90 0.84 1.28 1.19 0.65  

723 Hymenochaete corrugata 58.518 82.488 40.986 23.971 13.366 3.07 

  % deg 10.30 10.55 4.91 11.16 25.19  

  STDEV 0.77 0.61 0.60 0.56 0.36  

714 Ceriporiopsis subvermispora 58.210 83.990 42.384 25.780 12.073 3.51 

  % deg 10.77 8.93 1.66 4.46 32.42  

  STDEV 0.54 0.21 1.04 0.62 1.35  

716 Coprinus cinereus 55.082 78.821 38.700 23.740 12.408 3.12 

  % deg 15.57 14.53 10.21 12.02 30.55  

  STDEV 0.44 0.65 0.61 0.23 0.88  

774 Agrocybe pediades 54.974 75.717 36.659 20.743 14.340 2.56 

  % deg 15.73 17.90 14.95 23.12 19.74  

  STDEV 0.50 0.35 0.09 0.84 0.26  

720 P. chrysosporium 51.090 71.310 32.412 20.221 14.650 2.21 

  % deg 21.69 22.68 24.80 25.06 18.01  

  STDEV 0.30 1.14 1.39 1.23 1.10  
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748 Sphaerobolus stellatus  59.050 83.785 40.077 24.734 15.183 2.64 

  % deg 9.49 9.15 7.01 8.33 15.02  

  STDEV 0.68 0.23 0.80 0.74 0.21  

721 Gloeophyllum trabeum 54.244 76.953 36.467 22.710 13.838 2.64 

  % deg 16.85 16.56 15.39 15.84 22.55  

  STDEV 0.43 0.58 0.38 0.91 0.18  

726 Fusarium proliferatum 58.831 79.064 39.020 20.234 15.234 2.56 

  % deg 9.82 14.27 9.47 25.01 14.74  

  STDEV 0.43 1.46 1.12 1.17 0.90  

715 Bjerkandera adusta 53.413 73.249 35.544 19.835 13.884 2.56 

  % deg 18.13 20.57 17.53 26.49 22.29  

  STDEV 1.55 1.05 0.95 2.59 0.85  

713 Pycnoporus cinnabarinus 51.916 70.834 34.582 18.918 13.365 2.59 

  % deg 20.42 23.19 19.76 29.89 25.19  

  STDEV 0.16 1.94 0.93 1.83 0.89  

769 Phlebia brevispora 56.843 82.114 37.363 25.270 15.542 2.40 

  % deg 12.87 10.96 13.31 6.35 13.01  

  STDEV 0.68 0.56 1.44 0.41 0.85  

 

**Acid Detergent Fiber (ADF): The ADF value refers to the cell wall portions of the forage that are made up of cellulose and lignin. These values are important because 

they relate to the ability of an animal to digest the forage. As ADF increases the ability to digest or the digestibility of the forage decreases. 

Neutral Detergent Fiber (NDF): The NDF value is the total cell wall which is comprised of the ADF fraction plus hemicellulose. NDF values are important because they 

reflect the amount of forage the animal can consume. As NDF percent increases, the dry matter intake generally decreases. 
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5.3.4 Cell wall compositional changes of wheat straw during anaerobic fermentation of 

fungal pre-treated wheat straw 

Fungal growth could be easily observed in wheat straw containing cultures as the wheat straw 

would often clump together, also gas bubbles would get trapped in the wheat straw and could 

be seen rising to the top when the culture is disturbed (Fig 5.6). Gas production is a useful 

proxy for anaerobic fungal growth. The anaerobic fermentation of control and fungal treated 

wheat straw (pre-digested feed) gave an entirely different and variable profile of substrate 

modification and preference by anaerobic rumen fungi. The rumen fungi moderately 

degraded the cell wall components i.e. ADF and NDF but exhibited a fair preference for 

cellulose and hemicellulose then lignin. The anaerobic fungal mix utilized 42.92 % cellulose, 

36.24 % of hemicellulose and 29.23 % of lignin in untreated control wheat straw. However, 

in case of pre-digested feed being utilized by anaerobic fungal mix, ADF was maximally 

degraded by C. subvermispora followed by C. cinereus as 44.64 and 42.33 %, respectively 

(Table 5.3). The degradation of NDF also followed the similar trend and it was maximally 

degraded up to 44.81 and 41.87 %, respectively by C. subvermispora and C. cinereus. While 

at the same time P. chrysosporium and H. corrugata, degraded the ADF and NDF minimally 

i.e. (ADF: 16.11 & 17.87 % respectively) and (NDF: 15.93 & 18.49 % respectively).  The 

cellulose content was maximally available to be utilized by anaerobic fungi in C. 

subvermispora pre-digested feed (47.31 %) followed by A. pediades (43.95 %) and C. 

cinereus (41.99 %).  P. chrysosporium and H. corrugata was the least consumer of cellulose 

as earlier and degraded 15.04 and 21.24 %, respectively. C. subermispora, P. ostreatus and 

C. cinereus pre-digested feed was found maximally rich in availing hemicellulose portion to 

the anaerobic fungal mix and it degraded an overall 45.23, 45.14 and 40.75 % of 

hemicellulose, respectively during anaerobic digestion of pre-digested feed. Though lignin 

was predominately degraded by various wood rotting fungi in the first part of the study but an 

overall increase in lignin degradation was observed during anaerobic treatment and it was 

maximally degraded up to 46.02 and 43.74 %, respectively in case of C. cinereus and C. 

subvermispora pre-digested feed. The degradation/ modification of lignin followed the 

similar trend and it was minimally degraded by P. chrysosporium and H. corrugata as 19.91 

and 9.97 %, respectively. The overall ash content of after the anaerobic digestion of pre-

digested feed surprisingly increased marginally. When critically examined pre-digested feed 

from C. subvermispora and C. cinereus was found optimally utilized by the anaerobic fungal 

mix (Table 5.3). Moreover, the various parameters related to the feed development would be 

estimated and documented in the upcoming section of this report. 
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Table 5.3 Cumulative degradation % (w/w) of cell wall components of wheat straw during anaerobic fermentation of fungal pre-treated 

wheat straw 

       % ADF % NDF % Cellulose % Hemi % lignin % Ash 

         

Control Unfermented WS   65.239 92.222 43.100 26.983 17.867 3.920 

         

AF* Control WS (untreated)  % w/w 40.768 57.973 24.602 17.205 12.645 3.030 

*AF: Anaerobic fermentation  % Cumul. Deg 37.51 37.14 42.92 36.24 29.23 22.70 

  STDEV 1.45 1.99 1.19 1.32 0.72 0.53 

Pleurotus ostreatus 711 % w/w 44.014 58.816 28.396 14.802 12.085 3.028 

  % Cumul. Deg 32.53 36.22 34.11 45.14 32.36 22.76 

  STDEV 1.04 0.44 1.32 1.45 0.73 0.53 

Schizophyllum commune 717 % w/w 43.532 63.098 27.648 19.567 12.153 3.204 

  % Cumul. Deg 33.27 31.58 35.85 27.49 31.98 18.26 

  STDEV 1.80 1.01 2.37 1.07 0.06 0.49 

Coprinus cinereus 716 % w/w 37.625 53.613 25.002 15.988 9.644 2.524 

  % Cumul. Deg 42.33 41.87 41.99 40.75 46.02 35.61 

  STDEV 0.17 0.64 0.73 0.80 0.67 0.29 

Agrocybe pediades 774 % w/w 38.652 54.998 24.157 16.346 11.141 2.876 

  % Cumul. Deg 40.75 40.36 43.95 39.42 37.64 26.62 

  STDEV 0.93 1.86 0.90 1.39 1.80 0.18 

Phanerochaete chrysosporium 720 % w/w 54.732 77.528 36.617 22.796 14.309 3.167 

  % Cumul. Deg 16.11 15.93 15.04 15.52 19.91 19.21 

  STDEV 0.48 0.38 1.04 0.71 0.91 0.38 

Sphaerobolus stellatus  748 % w/w 43.249 61.524 28.500 18.275 11.321 2.905 

  % Cumul. Deg 33.71 33.29 33.88 32.27 36.64 25.88 

  STDEV 2.69 3.29 2.35 4.15 4.97 0.14 
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Gloeophyllum trabeum 721 % w/w 42.299 59.425 27.070 17.126 11.727 3.003 

  % Cumul. Deg 35.16 35.56 37.19 36.53 34.36 23.40 

  STDEV 0.78 0.57 2.29 1.24 1.55 0.19 

Hymenochaete corrugata 723 % w/w 53.582 75.172 33.944 21.590 16.085 2.954 

  % Cumul. Deg 17.87 18.49 21.24 19.99 9.97 24.64 

  STDEV 1.21 0.96 1.47 2.16 1.44 0.08 

Fusarium proliferatum 726 % w/w 41.780 57.301 26.900 15.522 11.050 3.356 

  % Cumul. Deg 35.96 37.87 37.59 42.48 38.15 14.39 

  STDEV 0.90 1.17 1.83 0.41 1.08 0.23 

Bjerkandera adjusta 715 % w/w 45.033 62.355 28.060 17.322 13.254 3.197 

  % Cumul. Deg 30.97 32.39 34.89 35.81 25.82 18.45 

  STDEV 1.65 2.14 1.58 1.90 1.17 0.81 

Pycnoporus cinnabarinus 713 % w/w 43.054 58.498 27.427 15.444 12.676 2.451 

  % Cumul. Deg 34.01 36.57 36.36 42.77 29.05 37.47 

  STDEV 1.63 1.43 1.20 2.99 0.20 0.40 

Ceriporiopsis subvermispora 714 % w/w 36.118 50.897 22.710 14.779 10.051 2.922 

  % Cumul. Deg 44.64 44.81 47.31 45.23 43.74 25.45 

  STDEV 0.53 1.05 1.44 1.05 1.57 0.40 

Phlebia brevispora 769 % w/w 47.301 66.748 30.414 19.447 13.179 3.175 

  % Cumul. Deg 27.50 27.62 29.43 27.93 26.24 19.02 

  STDEV 0.92 0.41 2.08 0.83 1.74 0.22 

 

**Acid Detergent Fiber (ADF): The ADF value refers to the cell wall portions of the forage that are made up of cellulose and lignin. These values are important because 

they relate to the ability of an animal to digest the forage. As ADF increases the ability to digest or the digestibility of the forage decreases. 

Neutral Detergent Fiber (NDF): The NDF value is the total cell wall which is comprised of the ADF fraction plus hemicellulose. NDF values are important because they 

reflect the amount of forage the animal can consume. As NDF percent increases, the dry matter intake generally decreases. 
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5.3.5 In Vitro True Degradability (TD) %, Apparent Digestibility (AD) and NDF 

Digestibility (NDFD) % 

Various feed evaluation parameters i.e. In Vitro True Degradability (TD) %, Apparent 

Digestibility (AD) and NDF Digestibility (NDFD), which are predictive equations (Van Soest 

and Robertson, 1985), were calculated for various pre-digested feed.  These parameters 

exhibited a highly variable pattern and even increased or decreased drastically unlike the 

previous analysis of cell wall degradation profile. All the three parameters TD, AD and 

NDFD were found to be 42.01, 32.17 and 37.12 %, respectively in control wheat straw 

(Unfermented wheat straw). Moreover as a result of maximal lignin degradation and minimal 

cellulose and hemicellulose consumption, TD, AD and NDFD were found maximally 

improved in C. subvermispora fermented wheat straw up to 14.47, 21.39 and 17.19 %, 

respectively. This was followed by a total 9.43, 16.11, 11.33 % and 6.62, 11.53 and 8.01 % 

improvement in TD, AD and NDFD, respectively by C. cinereus and A. pediades. Moreover, 

in contrast to the expected improvement, a huge decrease in feed evaluation parameters was 

also observed in case of certain pre-digested feed, especially where degradation of 

carbohydrate moiety (cellulose + hemicellulose) was higher. P. chrysosporium and H. 

corrugata, drastically reduced the TD, AD and NDF digestibility in the pre-digested feed  up 

to 86.92, 141.63 and 132.91 % and 69.24, 104.12 and 100.84 %, respectively compared to the 

unfermented wheat straw (Table 5.4). Apart from these most of the fungal pre-digested feed 

exhibited a marked decrease or negligible increase in TD, AD and NDFD i.e. P. brevispora, 

P. cinnabarinus, B. adusta, G. trabeum, S. stellatus, S. commune and P. ostreatus.  F. 

proliferatum, surprisingly exhibited a slight increase in all three parameters.  
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Table 5.4 In Vitro True Degradability (TD )%, Apparent Digestibility (AD) and NDF 

Digestibility (NDFD) %  

 

Isolate No.   TD % AD % NDFD % 

      

 Control WS 42.0108 32.1667 37.120 

 STDEV 2.87 2.03 3.11 

     

711 Pleurotus ostreatus 41.1900 33.4042 36.230 

 % Increase/Decrease -1.99 3.70 -2.46 

 STDEV 2.77 3.31 3.00 

717 Schizophyllum commune 36.8927 26.7292 31.570 

 % Increase/Decrease -13.87 -20.34 -17.58 

 STDEV 3.25 3.33 3.52 

716 Coprinus cinereus 46.3858 38.3417 41.864 

 % Increase/Decrease 9.43 16.11 11.33 

 STDEV 1.94 1.93 2.10 

774 Agrocybe pediades 44.9906 36.3583 40.351 

 % Increase/Decrease 6.62 11.53 8.01 

 STDEV 2.33 1.91 2.53 

720 Phanerochaete chrysosporium 22.4757 13.3125 15.937 

 % Increase/Decrease -86.92 -141.63 -132.91 

 STDEV 1.22 1.64 1.32 

748 Sphaerobolus stellatus  38.5141 29.4792 33.328 

 % Increase/Decrease -9.08 -9.12 -11.38 

 STDEV 0.88 1.79 0.95 

721 Gloeophyllum trabeum 40.5714 31.3417 35.559 

 % Increase/Decrease -3.55 -2.63 -4.39 

 STDEV 1.70 1.66 1.84 

723 Hymenochaete corrugata 24.8231 15.7583 18.483 

 % Increase/Decrease -69.24 -104.12 -100.84 

 STDEV 1.52 0.87 1.65 

726 Fusarium proliferatum 42.6924 33.5917 37.859 

 % Increase/Decrease 1.60 4.24 1.95 

 STDEV 3.23 3.43 3.50 

715 Bjerkandera adusta 37.6322 29.8958 32.372 

 % Increase/Decrease -11.64 -7.60 -14.67 

 STDEV 2.37 1.07 2.57 

713 Pycnoporus cinnabarinus 41.5180 32.9083 36.586 

 % Increase/Decrease -1.19 2.25 -1.46 
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 STDEV 1.51 2.33 1.64 

714 Ceriporiopsis subvermispora 49.1161 40.9208 44.824 

 % Increase/Decrease 14.47 21.39 17.19 

 STDEV 1.09 1.92 1.18 

769 Phlebia brevispora 33.2503 24.8917 27.621 

 % Increase/Decrease -26.35 -29.23 -34.39 

 STDEV 2.65 2.91 2.87 

 Steam Exploded WS 38.3785 28.1875 33.181 

 % Increase/Decrease -9.46 -14.12 -11.87 

 STDEV 1.71 0.43 1.85 
Ref: Van Soest and Robertson (1985) and calculated as follows: 

 TD (%) = [(initial DM of feed taken for incubation − NDF residue)/(initial DM of feed taken for 

incubation)] × 100  

AD (%) = [(initial DM of feed taken for incubation − DM residue)/(initial DM of feed taken for 

incubation)] × 100  

NDF digestibility (NDFD) was calculated as follows: NDFD (%) = [(initial NDF of feed taken for 

incubation − NDF residue)/ (initial NDF of feed taken for incubation)] × 100  

 

5.4. Discussion & Conclusion 

Since the various fungi used in the study belong to different wood rot type they exhibited a 

variable pattern of growth morphologies on malt extract medium as well as on the straw with 

colours ranging from white, yellowish to pink and also variation in the density and range of 

growth of the mycelium over the straw substrate. Moreover, increase in C/L ratio (a measure 

of lignin degradation at the cost of cellulose consumption) P. ostreatus, C. subvermispora 

and C. cinereus was found well in accordance with the previous literature (Tuyen et al., 

2012). Increase in C/L ration by Hymenochaete corrugate was an interesting observation and 

needs to explore further in future. However till date lignin degradation capability of H. 

corrugate has not been studied in detail. Though in a separate study individual mycelial 

genotypes (genets) of Hymenochaete corrugata was found able to traverse the canopies of 

coppice-grown hazel, Coylus avellana, by producing sclerotized mycelial pads which bridge 

between and bind together contiguous stems from the same and different stools (Ainsworth et 

al., 1990). Underlying this hitherto unsuspected means of aerial spread in temperate 

woodland is the ability of the fungus to oscillate between distinctive modes of mycelial 

development, and thereby could be the reason of acquiring greater success in increasing C/L 

ratio in our study. 



24 
 

Lignin is a complex macromolecule synthesized by chemical polymerization of three 

main precursors, p-coumaryl (4- hydroxycinnamyl), coniferyl (4-hydroxy-3-

methoxycinnamyl), and sinapyl (3,5-dimethoxy-4-hydroxycinnamyl) alcohols, via 

enzymatically generated radicals. These monolignols produce the p-hydroxyphenyl (H), 

guaiacyl (G), and syringyl (S) phenylpropanoid lignin units when incorporated into the lignin 

polymer, units which are linked by several types of C−C or ether bonds. The lignin 

composition depends on the botanical origin and hardwood lignins are composed of S and G 

units in varying ratios, softwood lignin is composed of G units and small amounts of H units, 

and grass lignins include the three units (with H-units still comparatively minor), making its 

structure apparently more complex and hence its exact composition and estimation is very 

difficult. The Crude Fiber (CF) method still being used largely because it is an official AOAC 

method of feed analysis and a large data base has been accumulated for a wide variety of 

feeds, and it is an easy method of analysis. In ruminant nutrition the neutral detergent fiber 

(NDF) method developed by Van Soest has now largely replaced CF (Van Soest 1963b). 

Although widely used for fiber analysis of ruminant feeds, the NDF procedure is not an 

official AOAC method. Acid detergent fiber (ADF) is a portion of the plant fiber (Van Soest 

1963a). Acid detergent fiber includes the cellulose and lignin from cell walls and variable 

amounts of xylans and other components. Acid detergent fiber is an AOAC-approved method 

of analysis. A common variation of the ADF method is to use NDF as a pretreatment (Van 

Soest and Robertson 1980). 

Many methods of lignin analysis have been developed because of lignin's negative 

association with digestibility. Klason lignin is the oldest lignin method and has been 

considered inappropriate for forages because of protein contamination. The permanganate, 

sodium chlorite and acetyl bromide lignin methods solublize the lignin and measure lignin as 

either weight loss or by spectrometry (Collings et al. 1978, Morrison 1972, Van Soest and 

Wine 1968). These oxidative methods are susceptible to incomplete solubilization of lignin or 

interference by other solubilized wall components. Lignin composition can be determined by 

nitrobenzene oxidation, thioacidolysis and pyrolysis of forages (Lapierre 1993). 

Chromatography is required for identification of the lignin degradation products from these 

methods, and they all suffer from lack of information on completeness of recovery of the 

lignin components. Acid detergent lignin is the most common lignin method in ruminant 

nutrition. Semi-automated methods of analysis (Ankom200 Fiber Analyzer, Ankom 

Technology Corp., Fairport, NY, and Fibertec I, Perstorp Analytical, Silver Spring, MD) 
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have been developed for NDF and ADF determination to increase sample handling capacity 

and have been used in his study. 

Various feed evaluation parameters i.e. In Vitro True Degradability (TD) %, Apparent 

Digestibility (AD) and NDF Digestibility (NDFD), which are predictive equations exhibited a 

highly variable pattern and increased or decreased in a regular fashion.  Maximal lignin 

degradation and minimal cellulose and hemicellulose consumption during the first aerobic 

SSF of wheat straw might have availed maximum carbohydrate moiety for anaerobic fungi 

(cellulolytic and hemi cellulolytic fungi) and thereby TD, AD and NDFD were found 

maximally improved in C. subvermispora fermented wheat straw up to 14.47, 21.39 and 

17.19 %, respectively (Menke and Steingass, 1979). This was followed by a total 9.43, 16.11, 

11.33 % and 6.62, 11.53 and 8.01 % improvement in TD, AD and NDFD, respectively by C. 

cinereus and A. pediades, which also correlate well with the data. A huge decrease in feed 

evaluation parameters was also observed in case of certain pre-digested feed, which could be 

due to the higher degradation of carbohydrate moiety (cellulose + hemicellulose) as in case of 

P. chrysosporium and H. corrugate (Kinfemi et al., 2009). 

The notable increase in C/L ratio of Hymenochaete corrugata in the first part of the 

experiment i.e. aerobic SSF might have obtained majorly due to minimal relative substrate 

modification (only 3.9 % Dry Matter loss in 21 days). Alternatively since the enzymatic 

machinery involved in lignocellulosic breakdown of the fungi is not well studied it could 

have produced certain inhibiters causing an overall decrease in digestibility. Decrease in case 

of P. chrysosporium and F. proliferatum is well in accordance with earlier studies where the 

fungus is found to have preference for cellulose and hemicellulose consumption and thereby 

causing an accumulation of lignin in the fermented feed and decrease in digestibility.  

The above study needs to be planned further in light of having a larger experimental SSF 

scale, use of various combinations of actively growing anaerobic fungi and whole rumen 

liquor as inoculum for anaerobic fermentation. C. subvermispora, C. cinereus and A. 

pediades have shown potential to upgrade the nutritional quality of poor quality wheat straw 

and further experimentation and detailed analysis of feed nutritional parameters such as, 

metabolizable energy, Crude protein, VFA’s will pave the way of using these microorganism 

as the suitable candidates for feed improvement. 

Apart from the observation made during the study the total biogas production, methane 

production and methane mitigation observed at the same time through the fungal predigesting 
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of wheat straw raised an enormous interest in studying all these fungi from a different point 

of view. This study could be lay a basis for large project to deal with generating bioenergy on 

the one hand and to deal with the problem of enteric methane induced global warming, on the 

other hand.  

“It is only the microbes that will decide the fate of experiments and an ecologically 

balanced world” 

  

6: Additional Work Conducted During the Fellowship 

In the spare time available during the experiments I was associated in DNA fungal Barcoding 

experiments with co-workers in the lab and learnt to work with Geneious Software for 

barcoding of fungi with the kind help extended from Gareth.   I have also visited Gogerddan 

campus a couple of times for various purposes like grinding, sieving and collection of 

substrate.  Biogas experiments with Dr. Tony and Dr. Sabine was carried out, which gave us 

affair indication of possibility of using these fungi in biogas experiments at larger scale. A 

small exposure to steam explosion unit there for physicochemical preteratment of substrate 

with the courtesy of Dr. Srinivas Rao Ravella was an additional asset gained during this visit. 

Therefore, spare time during this project provided an excellent opportunity to extend the 

horizon of previous work done. 

7: Experience gained 

The visit to IBERS extended a life time opportunity to enrich myself personally and 

professionally both manifold. I learnt to handle new instruments and a variety of new 

techniques including Ankom online automatic gas measurement system, Fiber anlyzers DNA 

barcoding of fungi, anaerobic fungal cultivation and preservation etc.). The fellowship also 

enabled various meaningful interactions with experts in the field of anaerobes. I am greatly 

impressed with the quality students IBERS do have and multicultural environment.  

 

8: Follow up plans 

The findings of this project are expected to lay foundation for various future projects for 

research and employment. The study would be attempted to publish in peer-reviewed journals 

and if given opportunity, I will extend this work either in the form of an individual research 

plan or a multi institutional project. Currently I have started writing grant applications on the 

basis of this study and actively looking for a suitable place to work on this area further.  I 



27 
 

have already been shortlisted for certain prestigious fellowships by government of India 

(DST INSA INSPIRE and BIRAC Post Doc and hoping to get into them. Simultaneously I 

am also looking forward for an opportunity to come back to UK either in capacity of a 

researcher or a faculty in future to extend this work further.  
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