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5: Work Done During the Fellowship 

 

5.1 Introduction 

Enhancing ruminant productivity without compromising on environmental sustainability 

has always been, and still remains, a key challenge for animal scientists across the globe. Over 

the years numerous different strategies have been developed to beneficially manipulate ruminal 

fermentation; many of which have been based on feeding antimicrobial compounds, direct-fed 

microbials or plant based feed additives (Sliwinski et al. 2002, Nagaraja et al., 1997). The vast 

majority of these strategies however have focussed on promoting more beneficial ruminal 

fermentation through changing the bacterial, protozoal or methanogenic archaeal communities – 

with anaerobic fungal populations largely being ignored. 

It is now well established that anaerobic fungi play a pivotal role in the physical and 

enzymatic disruption of lignified plant cell walls (Akin et al. 1989). Of all the rumen microbes, 

anaerobic fungi are also considered to be the most efficient in terms of fibre degradation and 

enzyme production (Borneman et al. 1989, 1990; Teunissen and Op den Camp 1993). Currently 

six anaerobic fungal genera are recognized, and these can be divided into two groups based on 

their growth patterns: monocentric and polycentric. With the monocentric group (Neocallimastix, 

Piromyces and Caecomyces) one zoospore produces one sporangium, while in the polycentric 

group (Orpinomyces, Anaeromyces and Cyllamyces) numerous sporangia are produced per 

zoospore (Griffith et al. 2009). The fungal life cycle is composed of four main stages: motile 

zoospore, encysted zoospore, germinating cyst and vegetative sporangial state. The encystment 

(removal of flagella) and germination of zoospores takes place only after their attachment to feed 

particles. The process of motile zoospores associating with feed particles is attributed to a 

chemotactic response to various water soluble carbohydrates (WSC) (Williams and Orpin 1987) 

and phenolic acids (Wubah and Kim 1996) which are released from the plant material as a result 

of its damage via mastication. 

In a previous in vitro study, Orpin and Bountiff (1978) found that the accumulation of 

zoospores was dependent on the concentration of soluble carbohydrate (glucose) present. The 

rate of accumulation and number of accumulated zoospores were both positively correlated with 
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the concentration of soluble carbohydrate. Moreover, the germination of zoospores also required 

a threshold concentration of soluble carbohydrates. As a consequence, the consistent supply of 

WSC during the zoosporic based stages of the anaerobic fungal life cycle is crucial for 

subsequent fibre degradation, which is mainly carried out during the vegetative sporangial stage. 

In contrast to this however, it is known that anaerobic fungi grow better on fibrous plant 

materials rather than on diets rich in soluble carbohydrates (Grenet et al. 1989). This is thought 

to be due to the fact that the anaerobic fungal rhizoidal systems need a solid support for 

penetration and growth. Association with larger plant particles also enables a longer rumen 

residence time, which is required due to their life cycle duration (8-24 h). As a consequence it is 

hypothesised that fibrous diets rich in soluble carbohydrates would promote anaerobic fungal 

populations in the rumen, ultimately leading to increased animal productivity. Therefore, the 

present study aimed to investigate if the WSC content of Lolium perenne influenced its fungal 

colonisation and fermentation by anaerobic fungi.  A series of in vitro experiments using clonal 

plant material derived from three different genotypes, previously determined to differ in WSC 

content, were performed in order to assess this. 

 

5.2 Material and Methods 

 

5.2.1 Experimental approach 

The research was executed as a series of related in vitro experiments which had the following 

objectives: 

• I:	  To assess if the WSC content of Lolium perenne influences the rate and number of 

anaerobic fungal zoospores colonising plant material (using a pure culture inoculum of 

Neocallimastix frontalis). 

• II: To assess if the WSC content of Lolium perenne influences the rate and number of 

ruminal anaerobic fungi colonising plant material in the presence of other rumen 

microbes (using a rumen microbial inoculum). 

• III: To confirm the best N. frontalis inoculum preparation to use for the Ankom 

automated gas production system. 

• IV: To confirm the optimal amount of Lolium perenne substrate for fermentation by N. 

frontalis in the Ankom automated gas production system. 
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• V: To assess if the WSC content of Lolium perenne influences anaerobic fungal growth 

and fermentation of the plant material (using a pure culture of N. frontalis). 

• VI: To confirm the previous colonisation and fermentation findings of experiments I and 

V respectively. 

All the experiments were performed with a minimum of triplicate biological or technical 

replicates, with appropriate controls included. 

 

5.2.2 Plant material 

 Three Lolium perenne genotypes (i.e. 301, 318 and 334) previously determined to differ 

in their WSC content were selected for use when investigating the effect of WSC content. These 

genotypes were mother plants from the 13th generation recurrent selection intermediate heading 

breeding programme, IBERS experiment number B674G (DefraLINK project code LK0687). 

Each genotype was related as half-siblings derived from the 12th generation, intermediate 

heading breeding programme, mother plant number 314, IBERS experiment number B665X 

(Defra project code LS3650).  

 Genotypes were clonally replicated using tillering, and were maintained in John Innes no. 

3 compost in either 6 inch or 10 inch diameter pots. In order to maximize WSC accumulation for 

the experiments, plants were harvested (cut height of ~ 5cm above soil) at four-five weekly 

intervals at the start of their daily photoperiod, and the harvested material used directly for 

experimental work as outlined in the following sections. Fertiliser was then applied following 

cutting as a split dressing equating to a rate of 190 kg/ha/yr N, 35 kg/ha/yr P, 120 kg/ha/yr K and 

25 kg/ha/yr sulphur. Plants were maintained in a polytunnel until the week before experimental 

work, when they were moved to a Sanyo CE cabinet (16 hours daylight and 8 hours darkness, 

22oC during the day and 15oC at night, maximum of 600µm-1 light intensity and 0.6kPa 

humidity) to minimize the effect of weather conditions on final WSC content. 

 

5.2.3. Anaerobic fungal inocula 

The majority of the experiments used a pure culture of Neocallimastix frontalis as an 

anaerobic fungal inoculum with the exception of sub experiment II, which instead used a 10 % 

(v/v) rumen fluid preparation. 
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The N. frontalis (RE-1) culture was routinely maintained at 39° C by sub-culturing on 

Medium C supplemented with wheat straw (10 g/L). A week prior to each of the experiments, 

the culture was sub-cultured every 2nd day, under the same conditions, to optimise its 

reproducibility of growth. To obtain a good inoculum (maximal zoospore titre) for all of the 

experiments, replicate cultures were grown for 50 h in Medium C supplemented with straw 

(2.5g/L or 10g /L) and pooled prior to use (unless specified otherwise) and then either 

chloramphenicol (sub experiments I & II) or a mixed antibiotic solution (sub experiments III – 

VI) added (final concentration of 50 µg/ml). The mixed antibiotic solution contained 5 mg/ml of 

each of the following: benzyl penicillin, streptomycin sulphate and chloramphenicol. 

For sub experiment II a 10 % (v/v) rumen fluid preparation was used so that the 

colonisation of plant material by anaerobic fungi could be assessed in the presence of other 

rumen microbes competing for the same substrate. In order to generate this inoculum, rumen 

content was collected from three lactating rumen fistulated cows (under the authority of licenses 

under the U.K. Animal Scientific Procedures Act, 1986). The cows were grazed on a permanent 

ryegrass pasture grazing during the day, with perennial silage offered during stalled overnight 

periods and dairy concentrate (3kg) at both daily milking times. The pooled rumen content was 

then brought back to the lab in a prewarmed insulated flask prior to being strained through two 

layers of muslin (80 ml) and being diluted with 0.72 L of pre-warmed (39 oC) Van Soest buffer. 

 

5.2.4 Sub experiments I and II 

These two linked sub experiments were performed to assess if the WSC content of 

Lolium perenne influenced the rate and number of anaerobic fungal zoospores colonising the 

plant material when the anaerobic fungi were in isolation (sub experiment I, performed using a 

pure culture inoculum of N. frontalis)	  or in a mixed rumen microbial community (sub experiment 

II, performed using a rumen microbial inoculum). 

5.2.4.1 Plant material and anaerobic fungal inocula 

 The first and second cut of four week regrowth plant material (genotypes 301, 318 and 

334) from the 6 inch diameter pots was used for sub experiment I and II respectively, with three 

pots used per genotype. This plant replication was maintained within both experiments. 

Inocula were prepared as outlined previously (section 5.2.3) with a pure culture N. 

frontalis inoculum grown on 2.5 g/L wheat straw used for sub experiment I, and a 10 % (v/v) 
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rumen fluid inoculum for sub experiment II. Prepared inocula were kept under continuous 

stirring (200 rpm), flushing of CO2 and at 39°C (using heater/stirrer unit) until use. 

5.2.4.2 Experimental set-up and sampling 

Plant material (triplicate 6 inch pots of each genotype: 301, 318 and 334) was harvested 

and cut into 1 cm lengths before being weighed (0.2 g FW) into 15 ml Hungate tubes. Multiple 

tubes were prepared for each plant replicate, so that tubes could be destructively harvested at 

each time point (0, 10, 20, 30, 40, 50 and 60 min). The inoculum (10 ml) was then added to the 

tubes before they were sealed and placed in the water bath (39°C), with the exception of the 0 

min tubes which were directly sampled. At each time point, tube contents were transferred to 

Buchner funnel, rinsed twice with 50 ml of distilled water and then transferred to a foil square. 

The washed plant material was then blotted dry before being snap frozen in liquid nitrogen.  

Samples (3 x 1ml) of the experiment inoculum, for zoospore enumeration, were placed in 

microcentrifuge tubes containing 60 µl of formaldehyde solution (37% (v/v)) and stored at +4°C 

until analysis. The remaining harvested plant material was placed in pre-weighed bags, weighed 

and stored at -20 oC. 

5.2.4.3 Sample analysis 

Washed plant samples harvested from the Hungate tubes were freeze dried prior to DNA 

extraction using the FastDNA SPIN Kit for Soil as previously described (Edwards et al. 2007). 

Anaerobic fungal (Neocallimastigales) specific QPCR on DNA extracts from sub experiments I 

and II was performed using a Taqman probe based assay (Edwards et al. 2008). For sub 

experiment II a bacterial QPCR analysis was also performed using a SYBR Green based assay 

(Edwards et al. 2007).  All QPCR assays were performed using a 384 well block on a Roche 

LightCycler 480 instrument. 

The number of zoospores, present in the experiment inocula, was counted using a C-Chip 

disposable plastic haemocytometer and light microscope. The dry matter (DM) and WSC content 

of the plant material used for the experiments was determined using freeze drying and an 

anthrone method respectively. 
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5.2.5 Sub experiments III & IV 

A manual gas production approach has been previously used to study the growth of the 

pure culture N. frontalis. The aims of these two linked sub experiments was to optimise the 

inoculum preparation (sub experiment III) and amount of plant material (sub experiment IV) for 

monitoring the growth of the culture using the Ankom automated gas production. 

5.2.5.1 Plant material and anaerobic fungal inocula 

Mature Lolium perenne was used for both experiments: either harvested (cut height ~5 

cm above soil) from a lawn on the Penglais campus of Aberystwyth University (sub experiment 

III) or from a field plot at the Trawsgoed research farm (sub experiment IV). 

For both experiments N. frontalis RE-1 was grown for 50 h in serum bottles on Medium 

C with wheat straw (10 g/L). For 100% inoculum the serum bottles were used directly, and for 

30% (v/v) inoculum bottles the 100% inoculum was diluted with pre-warmed Van Soest buffer 

prior to use. 

5.2.5.2 Experimental set-up - sub experiment III 

Harvested plant material was cut into 1 cm lengths and then weighed (15 g FW) into 

Duran bottles (250 ml). After addition of the mixed antibiotic solution the bottles then had 100 

ml of inoculum (100% or 30% (v/v)) added under a 100% CO2 atmosphere. Duran bottles with 

equal amounts plant material but without culture (equal amount replaced with fresh Medium C or 

Van Soest buffer) served as non-inoculum controls. All controls and treatments were conducted 

with three bottle replicates. The Ankom lids were then used to seal the Duran bottles, and the 

batteries connected before bottles were transferred to the 39° C incubator. After 15 minutes of 

the last bottle being incubated, all the lid vents were opened and closed before the Ankom 

software was set up to monitor gas production (60 second line interval, 60 min reading interval 

and a global pressure release of 5 psi). 

5.2.5.3 Experimental set-up - sub experiment IV 

Harvested plant material was cut into 1 cm lengths and then weighed (5, 10, 15 and 20 g 

FW) into Duran bottles (250 ml). After addition of the mixed antibiotic solution the bottles then 

had 100 ml of a 30% (v/v) inoculum added under a 100% CO2 atmosphere. All treatments were 

conducted with three bottle replicates. The Ankom lids were then used to seal the Duran bottles, 

and the batteries connected before bottles were transferred to the 39° C incubator. After 15 
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minutes of the last bottle being incubated, all the lid vents were opened and closed before the 

Ankom software was set up to monitor gas production (60 second line interval, 60 min reading 

interval and a global pressure release of 5 psi). 

 

5.2.6. Sub experiment V 

This experiment was performed in order to assess the effect Lolium perenne WSC 

content has on anaerobic fungal growth and fermentation of plant material, using a pure culture 

of N. frontalis as an inoculum. 

5.2.6.1 Plant material and anaerobic fungal inocula 

All three Lolium perenne genotypes (i.e. 301, 318 and 334) were used within this 

experiment. For each genotype, 4 week regrowth plant material was harvested from three pots 

that were 6 inches (third cut, as first and second were used in sub experiments I and II 

respectively) and 10 inches (second cut, as first cut discarded due to plants still actively tillering) 

in diameter. Pot replication was not maintained in the experiment but pot size was (i.e. two pot 

diameters x three genotypes = six treatments). 

For this experiment, N. frontalis RE-1 grown for 50 h in serum bottles on Medium C with 

wheat straw (10 g/L) was used as an inoculum for the experiment after it had been diluted to 30 

% (v/v) with pre-warmed (39 oC) Van Soest buffer. 

5.2.6.2 Experimental set-up 

Harvested plant material was cut into 1 cm lengths and, after mixing of pot replicates, 10 

g FW was weighed into Duran bottles (250 ml). After addition of the mixed antibiotic solution 

the bottles then had 100 ml of a 30% (v/v) inoculum added under a 100% CO2 atmosphere. Two 

sets of bottles were prepared, one for 0 h sampling and the other for sampling at the end of gas 

production. Per time point sampling, all the plant treatments were conducted with six bottle 

replicates. Control bottles (6 bottle replicates per time point sampling) were also prepared which 

only had the inoculum and antibiotic solution added (i.e. no plant material). The Ankom lids 

were then used to seal the Duran bottles, and the batteries connected before bottles were 

transferred to the 39° C incubator. After 15 minutes of the last bottle being incubated, all the lid 

vents were opened and closed before the Ankom software was set up to monitor gas production 

(60 second line interval, 60 min reading interval and a global pressure release of 5 psi). 
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Samples (3 x 1ml) of the experiment inoculum, for zoospore enumeration, were placed in 

microcentrifuge tubes containing 60 µl of formaldehyde solution (37% (v/v)) and stored at +4°C 

until analysis. The remaining harvested plant material was placed in pre-weighed bags, weighed 

and stored at -20 oC. 

5.2.6.3. Bottle sampling 

Bottles were sampled at 0 h in order to provide baseline measurements of pH, 

fermentation metabolites and initial dry matter loss, with the same procedure also used to sample 

the bottles at the end of gas production. The pH was measured directly before the bottle contents 

were poured into a pre-weighed polyester bag (22 cm x 9 cm with 40 µm pore size) supported 

within a 0.5 L Duran bottle (collecting the bottle liquid phase). The liquid phase was then 

sampled for subsequent volatile fatty acid (VFA), formate and lactate analysis. Formate and 

lactate samples (2 ml) were directly frozen, whereas the VFA sample (4 ml) was added to a tube 

containing 1 ml of 20% orthophosphoric acid with 20 mM of 2-ethylbutyrate and stored at +4°C. 

The remainder of the bottle residues were then transferred into the polyester bag with approx 100 

ml of distilled water, before the bag contents were hand squeezed to remove excess liquid and 

stored at -20 °C (DM loss analysis). 

5.2.6.4. Sample analysis 

The number of zoospores, present in the experiment inoculum, was counted using a C-

Chip disposable plastic haemocytometer and light microscope. The DM and WSC content of the 

plant material used for the experiment were determined using freeze drying and an anthrone 

method respectively. 

The gas pressure (psi) readings obtained from the Ankom system were converted into gas 

volume by using the equation given in the Ankom system manual, after the bottle headspace was 

manually determined. Lactate (D & L forms) and formate samples were analysed using their 

respective dehydrogenase based assays. VFA samples were filtered prior to being run on a GC, 

enabling quantification of the following acids: acetate, propionate, iso- butyrate, n- butyrate, iso-

valerate, iso-caproate and heptanoate. Dry matter loss was determined by freeze-drying the 

filtered bottle contents, and then processing the data by removing bag weights. 

 

 



10	  
	  

5.2.7. Sub experiment VI 

This experiment was performed in two parts on the same day: (a) a fermentation 

experiment to confirm the findings of sub experiment V, (b) a colonisation experiment to 

confirm the findings of sub experiment I (colonisation). This experiment was more focused 

however due to practical and time constraints: only two genotypes (of each pot diameter) were 

set-up for the fermentation and colonisation experiments, with the colonisation experiment 

limited to four time points instead of seven. 

5.2.7.1 Plant material and anaerobic fungal inocula 

The two Lolium perenne genotypes that were found to have consistent differences in 

WSC content from the previous experimental work (sub experiments I, II and V) were used 

within this experiment: 301 and 334. For each genotype, 4 week regrowth plant material was 

harvested from three pots that were 6 inches (fourth cut) and 10 inches (third cut) in diameter. 

Pot replication was not maintained in either experiment but pot size was (i.e. two pot diameters x 

two genotypes = four treatments). 

For these experiments, N. frontalis RE-1 was grown for 50 h in serum bottles on Medium 

C with wheat straw at either 10 g/L (fermentation experiment) or 2.5 g/L (colonisation 

experiment). For the colonisation experiment the culture was used directly, whereas for the 

fermentation experiment the culture was used as an inoculum after it had been diluted to 30 % 

(v/v) with pre-warmed (39 oC) Van Soest buffer. 

5.2.7.2 Experimental set-up, sampling and analysis 

Experimental set-up, sampling and analysis were performed in a similar manner as 

previously outlined for sub experiments I (section 5.2.3) and V (section 5.2.5) except for the 

more limited number of genotypes (i.e. 301 and 334), time points (0, 5, 20 and 40 min) and 

bottle replicates in the fermentation experiment (i.e. three). 
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5.3 Results 

 

5.3.1 WSC content 

The WSC content (Table 5.1) of successive cuts of the plant genotypes was found to be variable, 

and influenced by pot diameter. Two of the genotypes were found to consistently differ with the 

6 cm diameter pots, i.e. genotype 301 always had a higher WSC content than 334. 

 

Table 5.1: WSC content of the different Lolium perenne genotypes used in this project 

  
Pot 
Size 

WSC content (%) from each sub experiment* 
Genotype    

I II V VI 
301 6”  17.7 ± 1.22 20.3 ± 0.51 11.8 ± 0.95 15.6 
318 6”  19.1 ± 0.42 18.4 ± 0.92 12.1 ± 3.17 - 
334 6”  15.7 ± 0.78 15.9 ± 0.86 10.5 ± 1.82 10.2 
301 10”  - - 8.12 ± 0.45 5.68 
318 10”  - - 8.06 ± 0.84 - 
334 10”  - - 7.83 ± 0.76 5.73 

*Each value represents the mean ± standard error of three pot replicates, with the exception of sub experiment VI 

where pot replicates were pooled for analysis due to limited plant material availability. 

  

5.3.2 Zoospore counts 

The N. frontalis zoospores (Table 5.2) were present in abundance in the pure culture inocula, and 

were generally reproducible in terms of titre during the series of experiments. In sub experiment 

II, where a ruminal inoculum was used, zoospores were unable to be counted due to sample 

background preventing their accurate enumeration. 
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Table 5.2: The number of N. frontalis zoospores present in experiment inocula 

Sub experiment* 
I (colonisation) V (fermentation) VI (colonisation) VI (fermentation) 

4.08 X 104 
± 0.60 

9.17 X 103 

± 1.54 
7.33 X 104 

± 0.38 
1.53 X 104 

± 0.13 
*Each value represents the mean ± standard error of three replicate measurements. 

 

5.3.3 Colonisation dynamics 

The results of the colonisation experiments (Figure 5.1) showed that anaerobic fungi 

colonised Lolium perenne within 10 minutes, irrespective of the inoculum and plant material 

(genotype and/or pot diameter) used. Variable background levels of anaerobic fungi and bacteria 

were detected on the plant material itself at the beginning of the experiment(s), but no significant 

association (P>0.05) with the plant genotype and/or pot diameter was noted. As such, all the 

colonisation data was analysed after subtraction of the background measurements (Tables 5.3 - 

5.5). 

 In all of the experiments conducted no effect of plant genotype and/or pot diameter was 

observed on either the anaerobic fungi (Tables 5.3 – 5.5) or bacteria (Table 5.5) colonising the 

plant material. Incubation time however did have a significant effect on colonising anaerobic 

fungi in all of the experiments (P<0.05), although no clear trend was evident. In contrast, 

colonising bacteria significantly increased with time (P<0.001) in a linear manner (P<0.001). 
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Figure 5.1 Quantification of N. frontalis (sub experiment I and VI), ruminal anaerobic fungi 
and bacteria (sub experiment II) colonizing different Lolium perenne genotypes in vitro. The 
different plant genotypes plotted are 301 (blue line, diamond symbol), 318 (red line, square symbol) 
and 334 (green line, triangle symbol) with material harvested from either 6 inch (solid line) or 10 
inch (dashed line) diameter pots. Each value represents the mean of three replicates, and error 
bars the standard error of the mean. 
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Table 5.3: N. frontalis colonisation of Lolium perenne genotypes in sub experiment I. 

  Forage*  Forage Time Forage.Time 
 Time 301 318 334 Mean^ s.e.d. Prob s.e.d. Prob s.e.d. Prob 

N
eo

-N
eo

0 

 
Lo

g 1
0 (

N
eo
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tig
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D
N

A
 p

g/
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ge
 D

M
)	  

	             
10 4.248 4.684 4.596 4.509a 0.2563 0.423 0.1525 0.009 0.3519 0.834 
20 4.499 4.911 4.726 4.712ab     18.44  
30 4.585 5.101 5.032 4.906b       
40 4.634 5.237 4.912 4.928b     0.2642  
50 5.020 4.902 4.908 4.943ab       
60 4.974 5.279 5.084 5.112b       

Mean 4.660 5.019 4.876        
           

Treatment means* are presented over the time course, along with overall time point means^ due to the lack of any 
forage effect - superscript letters indicate time points that significantly differ from each other. 

 

Table 5.4: N. frontalis colonisation of Lolium perenne genotypes from different pot 
diameters in sub experiment VI. Data means (A) and the statistical analysis of the data (B) are 
presented. 

   Forage* Mean* 
 Time Pot 301 334 Forage Time^ 
       

N
eo

-N
eo

0 

 
Lo

g 1
0 (

N
eo

ca
lli

m
as

tig
al

es
 D

N
A

 
pg

/g
 F

or
ag

e 
D

M
)	  

5 6” 5.159 5.212 5.185 5.350a 

 10” 5.627 5.402 5.515  
 Mean* 5.393 5.307   
      

20 6” 5.480 5.814 5.647 5.644b 

 10” 5.650 5.630 5.640  
 Mean* 5.565 5.722   
      

40 6” 5.454 5.298 5.375 5.461ab 

 10” 5.775 5.318 5.547  
 Mean* 5.614 5.308   

       
Treatment means* are presented over the time course, along with overall means per time point, pot and genotype. 
Due to the lack of any forage or pot effect, superscript letters indicate time point means that significantly differ from 
each other. 

 
 Prob s.e.d. 
Pot (P) 0.098 0.0879 Forage (F) 0.399 
P.F 0.115 0.1243 
   
Time (T) 0.021 0.0903 
P.T 0.218 0.1364 19.98df  

(within F or T 0.1277) F.T 0.073 
P.F.T 0.977 0.1928 19.98df  
  (0.1805 within P.F) 

(A) 

(B) 
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Table 5.5: Rumen bacterial and anaerobic fungal colonisation of Lolium perenne genotypes 
in sub experiment II. 

  Forage*  Forage Time Forage.Time 
 Time 301 318 334 Mean^ s.e.d. Prob s.e.d. Prob s.e.d. Prob 

B
ac

-B
ac

0 

 
Lo

g 1
0 (

B
ac

te
ria

l D
N

A
 

pg
/g

 F
or

ag
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D
M
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10 6.668 6.761 6.795 6.741a 0.0550 0.492 0.0536 <0.001 0.1011 0.351 
20 6.982 6.800 6.928 6.903b    Lin 32.13  
30 7.019 6.828 6.934 6.927b    <0.001   
40 7.075 6.996 7.032 7.034bc     0.0929  
50 7.101 7.088 7.119 7.103cd       
60 7.096 7.201 7.278 7.192d       

Mean 6.990 6.946 7.014        

N
eo

-N
eo

0 

 
Lo

g 1
0 

(N
eo

ca
lli

m
as

tig
al

es
 

D
N

A
 p

g/
g 

Fo
ra

ge
 D

M
)            

10 3.543 3.624 3.606 3.591a 0.0371 0.320 0.0495 <0.001 0.0866 0.245 
20 3.917 3.811 3.940 3.890b     35.92  
30 3.964 3.801 3.853 3.873b       
40 3.974 3.897 3.931 3.934b     0.0857  
50 3.963 3.973 4.057 3.998b       
60 3.824 3.968 4.049 3.947b       

Mean 3.864 3.846 3.906        
            
Treatment means* are presented over the time course, along with overall time point means^ due to the lack of any 
forage effect - superscript letters indicate time points that significantly differ from each other. 
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5.3.4 Fermentation 

5.3.4.1 Optimisation of the Ankom automated gas production system 

The findings of sub experiments III and IV confirmed that the Ankom gas production 

system could be successfully used to monitor the growth of Neocallimastix frontalis. The results 

showed that a 30% (v/) inoculum was optimal for gas production experiments (Figure 5.2). 

Increasing forage substrate quantities (Figure 5.3) showed a regular increase in gas production up 

to 10 g fresh weight, after which point the relative increase in gas production was no longer 

proportional to the increased amount of substrate added. It was also noted that the data became a 

lot more variable when >10 g FW of forage was used. Based on these findings, further 

experiments were conducted using a 30% (v/v) inoculum and 10 g FW of plant material. 

 

 

Figure 5.2 Comparison of 30% (v/v) and 100% N. frontalis culture inocula on gas 
production monitored using the Ankom system. Each value represents the mean of three 
bottles, and error bars the standard error of the mean. 
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Figure 5.3 Effect of different amounts of fresh forage substrate on gas production 
monitored using the Ankom system. Each value represents the mean of three bottles, and error 
bars the standard error of the mean. 
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5.3.4.2 Assessment of the effect of plant material WSC content on its fermentation by N. 

frontalis 

In both experiments V and VI no significant differences (P>0.05) in final gas production 

totals were seen with respect to plant genotype, however pot diameter size had a very significant 

(P<0.001) effect (Figures 5.4 and 5.5). Gas production was always greater in the plant material 

harvested from the 6 inch diameter pots. This observation is consistent with the larger difference 

in WSC content noted between different pot diameters (6 inch > 10 inch), than between different 

plant genotypes (section 5.3.1).  

In terms of degradation of the plant material, in both experiments an effect (P< 0.001) of 

both plant genotype and pot diameter was noted, along with interactions between the two 

(Figures 5.7 and 5.8). The trend for increased dry matter loss by plant genotype, relative to 

increased WSC content, was consistent for the 6 inch diameter pots – but not for the 10 inch 

diameter pots. For example in sub experiment VI the WSC content  of the 10 inch diameter pots 

was similar (5.68% for 301 and 5.73% for 334) but the amount of forage DM loss for one 

genotype was almost double that of the other (20.2% for 301 and 42.8% for 334). Further 

analysis of the forage composition is required to understand the potential biological basis for this 

finding. 

The effect of the plant genotype and/or pot diameter on the amount of the major soluble 

fermentation metabolites known to be produced by N. frontalis (lactate, formate and acetate) was 

assessed. No significant effect (P>0.05) of plant genotype was observed in sub experiment V 

(Table 5.6), unlike in sub experiment VI (P<0.05) (Table 5.7). In contrast however significant 

effects of pot diameter were only consistently observed on the soluble fermentation metabolites 

in sub experiment V (Table 5.6). The basis for these inconsistencies between experiments, in 

light of the similar gas production findings, is not clear. 
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Figure 5.4 Effect of Lolium perenne genotypes harvested from different pot diameters on 
gas production in sub experiment V. Each value represents the mean of six bottles, and error 
bars the standard error of the mean. 

 

Figure 5.5 Effect of Lolium	  perenne	  genotypes harvested from different pot diameters on 
gas production in sub experiment VI. Each value represents the mean of three bottles, and error bars the 
standard error of the mean. No genotype 334, 10 inch diameter pot data are presented due to data capture issues. 
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Figure 5.6 Effect of plant genotypes harvested from different pot diameters on Lolium 
perenne dry matter (DM) loss in sub experiment V. Each value represents the mean of six 
bottles, and error bars the standard error of the mean. 

 

 

Figure 5.7 Effect of plant genotypes harvested from different pot diameters on Lolium 
perenne dry matter (DM) loss in sub experiment VI. Each value represents the mean of three 
bottles, and error bars the standard error of the mean. 
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Table 5.6 Effect of plant genotypes harvested from different pot diameters on soluble 
fermentation metabolite production in sub experiment V. 
 

Lolium perenne 
(genotype x pot size) 

mmol / g Forage DM loss^ 
Lactate Formate Acetate 

    
301 x 6" 1.4 ± 0.1 3.0 ± 0.2 2.0 ± 0.1 
318 x 6" 1.1 ± 0.1 2.7 ± 0.2 1.7 ± 0.1 
334 x 6" 1.3 ± 0.1 2.9 ± 0.2 1.8 ± 0.1 

    
301 x 10" 0.8 ± 0.1 1.8 ± 0.2 0.8 ± 0.1 
318 x 10" 1.0 ± 0.1 1.7 ± 0.1 1.0 ± 0.2 
334 x 10" 0.7 ± 0.0 1.7 ± 0.1 1.0 ± 0.1 

    
    

Pr
ob

. Forage (F) 0.317 0.249 0.178 
Pot (P) <0.001 <0.001 <0.001 
F*P 0.002 0.765 0.017 

^Each value represents the mean ± standard error of six replicates. 

 

Table 5.7 Effect of plant genotypes harvested from different pot diameters on soluble 
fermentation metabolite production in sub experiment VI. 
 

Lolium perenne 
(genotype x pot size) 

mmol / g Forage DM loss^ 
Lactate Formate Acetate 

    
301 x 6" 1.3 ± 0.1 1.8 ± 0.3 1.7 ± 0.0 
334 x 6" 1.1 ± 0.0 2.2 ± 0.3 1.6 ± 0.0 

    
301 x 10" 2.8 ± 0.1 2.8 ± 0.1 2.8 ± 0.7 
334 x 10" 1.1 ± 0.1 1.3 ± 0.1 0.9 ± 0.2 

    
    

Pr
ob

. Forage (F) <0.001 0.003 0.038 
Pot (P) <0.001 0.864 0.710 
F*P <0.001 <0.001 0.065 

^Each value represents the mean ± standard error of three replicates. 
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5.3.5 Conclusion 

It can be concluded from this project that colonization of fresh Lolium perenne by 

anaerobic fungal zoospores, in isolation or in a mixed community, is not affected by forage WSC 

content (influenced either by plant genotype or pot diameter) during the first hour of its in vitro 

incubation under ruminal conditions. This finding however greatly contrasted that of the growth 

of N. frontalis, as indicated by gas production, where pot diameter had a huge impact on the 

amount of cumulative total gas produced per unit of forage degraded. Whether this can be 

directly attributed to the greater differences in forage WSC content associated with pot diameter, 

relative to plant genotype, remains to be determined. 

Despite the consistently greater N. frontalis gas production from the plant material 

harvested from the 6 inch diameter pots, the extent of forage degradation was not always greater 

with this pot diameter. Plant genotype differences seen with the 6 inch pot diameters, which did 

relate to forage WSC content, however were observed. This was not true of the 10 inch diameter 

pots however. Inconsistencies were also observed within and between experiments in terms of 

the amount of anaerobic fungal soluble fermentation metabolites produced. As a consequence the 

effect of forage WSC content on N. frontalis forage degradation and associated soluble 

metabolite production is currently unclear. 

The substantial variation in forage WSC content between different pot diameters, as well 

as in successive cuts in some instances, is an area that requires further investigation. A more 

optimal method for generating plant material regrowth that delivers a consistent WSC content 

without compromising the health of the plant longer term (as has been previously found to be the 

case with the routine maintenance of plants in the controlled environment chambers) is needed. 

 In summary, this project has been very productive and has established that, despite forage 

colonization by anaerobic fungal zoospores being unaffected by its WSC content, there is clear 

evidence of effects in terms of anaerobic fungal growth. Further optimization of plant material 

growth is required however before this effect can be attributed, in whole or part, with forage 

WSC content per se. Meantime further composition analysis of the plant material used in this 

project is currently underway in order to try and shed further light on the effect of pot diameter 

on the results of the fermentation experiments. 
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6: Additional Work Conducted During the Fellowship 

 In addition to the intended research work, spare time available (whilst waiting for plant 

material growth etc) was utilised to extend the impact of previous research undertaken by the 

fellow. Part of the PhD work of the fellow focussed on genetic heterogeneity studies of anaerobic 

fungi, and development of rapid means of identification and differentiation between different 

anaerobic fungal genera and species. The fellow’s PhD work concluded that the D1/D2 domain 

of large subunit rDNA (LSU) was a suitable region for identification and differentiation of 

anaerobic fungi. However, since the work was carried out only in India and no representative 

isolates from other geographic locations was available; the study could not be deemed to be 

comprehensive. In addition, certain primers were designed during the PhD for specific 

amplification of certain genera/species; however their further validation with a larger number of 

isolates was required. Therefore, spare time during this project provided an excellent opportunity 

to extend and validate the previous work done by the fellow, due to IBERS having a substantial 

collection of anaerobic fungal isolates. 

 

6.1 Material and Methods 

The DNA of several well characterised isolates was kindly provided by Mr Tony 

Callaghan (PhD student, IBERS). The LSU region was amplified using NL1 and NL4 primers 

(Dagar et al. 2011) The amplified products were purified and sequenced at Gogerddan, 

Aberystwyth University. The compilation, analysis, phylogenetic tree construction and in silico 

restriction digestion of the sequences was done as previously described (Dagar et al. 2011). 

For restriction fragment length polymorphism (RFLP) analysis, 1000 ng of amplified 

PCR product was co-digested using AluI (recognition sequence, AG▼CT) and HinfI (recognition 

sequence, G▼ANT   C) as per manufacturer's (Promega) instructions. The digested products 

were then separated by electrophoresis on Spreadex EL 400 precast gels as per manufacturer's 

instructions. 

In addition, the validity of 4 primer pairs for genera specific amplification (Anaeromyces, 

Orpinomyces, Neocallimastix and Piromyces) and 2 primer pairs for species specific 

amplification (O. intercalaris and O. joyonii) were tested with available isolates. 
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6.2 Results and Discussion 

6.2.1 Sequencing and analysis 

A total of 23 new sequences were generated for the LSU region. All these were aligned 

with the previously available sequences (PhD work of fellow and from NCBI). The results 

showed larger variations in monocentric filamentous isolates (Neocallimastix and Piromyces) 

with some new groups identified (data not shown). The generated sequences of Anaeromyces, 

Orpinomyces and Caecomyces isolates were consistent with those previous available (data not 

shown). 

6.2.2 PCR-RFLP 

The sequence variations observed (section 6.2.1) were targeted in silico to develop a 

PCR-RFLP based method for differentiation of all known genera of anaerobic fungi. The lab 

work conducted confirmed that co-digestion of LSU PCR products using AluI and HinfI can be 

used successfully for this purpose (Figure 6.1), although fragment sizes did not always match in 

silico predictions (Table 6.1). 

 

Figure 6.1 PCR-RFLP based differentiation of various genera of anaerobic fungi using co-
digestion by AluI + HinfI. M, M3 marker; Lane 1-2, O. joyonii; Lane 3-4, Anaeromyces spp.; 
Lane 5, Anaerobic fungi sp. GE09; Lane 6-9, Neocallimastix spp. 1; Lane 10-11, Neocallimastix 
spp. 2; Lane 12-13, Piromyces spp. 1; Lane 14, Piromyces spp. 2; Lane 15, Anaerobic fungi isol; 
Lane 16-17, Cyllamyces sp.; Lane 18-19, Caecomyces sp. 
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Table 6.1 Fragment sizes obtained from in silico predictions and after restriction co-
digestion of the LSU region of different isolates with AluI+HinfI 

Anaerobic fungal 
group 

In silico predicted fragment  
sizes 

Actual obtained fragment 
sizes  

   
Anaeromyces spp. 178, 164, 111 178, 164, 111 
Orpinomyces spp. 379, 111 379, 111 
Neocallimastix spp. 1 183, 178, 120, 111 178, 120, 111 
Neocallimastix spp.2 201, 178, 111, 111 201, 178, 120, 111 
Piromyces spp. 1 195, 178, 120-129, 111 195, 178, 120, 111 
Piromyces spp. 2 178, 127, 111 178, 127, 111 
Caecomyces spp. 241, 178, 111 241, 178, 111 
Cyllamyces spp. 178, 117, 111 178, 117, 111 
Anaerobic fungus GE09 181, 160, 111 181, 160, 120, 111 
   
 

6.2.3 Phylogenetic analysis 

The suitability of the LSU region for studying anaerobic fungal diversity and phylogeny 

was confirmed as the tree clearly separated all the sequences into major clusters based on their 

known genera classification (Figure 6.2). Moreover, all these genera were found to be 

monophyletic, unlike ITS based trees. In each filamentous genus, two sub clusters were found; 

suggesting species lineages (one of which is already established). The tree also indicated the 

evolutionary relatedness of polyflagellated (Orpinomyces and Neocallimastix) and bulbous 

(Caecomyces and Cyllamyces) morphotypes, despite them currently being placed in different 

groups (monocentric/polycentric). 
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	  Orpinomyces	  joyonii	  strain	  SDP6	  (HQ703481)
	  Orpinomyces	  sp.	  ZU1	  (JN939164)
	  Orpinomyces	  joyonii	  strain	  SDP5	  (HQ703480)
	  Orpinomyces	  joyonii	  strain	  SDP4	  (HQ703479)
	  Orpinomyces	  sp.	  OUS1	  (AJ864475)
	  Orpinomyces	  sp.	  K F1	  (JN939163)
	  Orpinomyces	  sp.	  K F5	  (JN939166)
	  Orpinomyces	  sp.	  K F6	  (JN939160)
	  Orpinomyces	  sp.	  78D
	  Orpinomyces	  joyonii	  strain	  SDP2	  (HQ703477)
	  Orpinomyces	  joyonii	  strain	  SDP3	  (HQ703478)
	  Orpinomyces	  sp.	  SR2	  (OUS1)
	  Orpinomyces	  joyonii	  strain	  SDP1	  (HQ703476)
	  Orpinomyces	  sp.	  K F3	  (JN939161)
	  Orpinomyces	  sp.	  K F2	  (JN939162)

	  Orpinomyces	  sp.	  C	  SSD-‐2011	  strain	  NDRI3	  (HQ263327)
	  Orpinomyces	  sp.	  A	  SSD-‐2011	  strain	  NDRI7	  (HQ263331)

	  Orpinomyces	  sp.	  A	  SSD-‐2011	  strain	  NDRI1	  (HQ263325)
	  Orpinomyces	  sp.	  F 	  SSD-‐2011	  strain	  NDRI6	  (HQ263330)

	  Orpinomyces	  intercalaris	  strain	  SKP	  1	  (HQ703471)
	  Orpinomyces	  intercalaris	  strain	  SKP5	  (HQ703475)

	  Orpinomyces	  intercalaris	  strain	  SKP3	  (HQ703473)
	  Orpinomyces	  intercalaris	  strain	  SKP2	  (HQ703472)
	  Orpinomyces	  intercalaris	  strain	  SKP4	  (HQ703474)

	  Orpinomyces	  sp.	  C1A	  (JN939127)
	  Orpinomyces	  sp.	  C1B	  (JN939128)

	  Neocallimastix	  sp.	  1	  BRL -‐1	  (JF974094)
	  Neocallimastix	  sp.	  2	  BRL -‐2	  (JF974095)
	  Neocallimastix	  sp.	  8	  GFM-‐2	  (JF974126)
	  Neocallimastix	  sp.	  7	  GFM-‐1	  (JF974125)
	  Neocallimastix	  sp.	  6	  GRL -‐4	  (JF974116)
	  Neocallimastix	  sp.	  5	  GRL -‐3	  (JF974115)
	  Neocallimastix	  sp.	  4	  GRL -‐2	  (JF974114)
	  Neocallimastix	  sp.	  3	  GRL -‐1	  (JF974113)

	  Neocallimastix	  frontalis	  L 2
	  Neocallimastix	  sp.	  SR1
	  Neocallimastix	  frontalis	  strain	  SR4	  (JN939158)
	  Neocallimastix	  frontalis	  RE1
	  Neocallimastix	  patriciarum	  CX

	  Neocallimastix	  sp.	  C2-‐2H
	  Neocallimastix	  sp.	  C1-‐1F

	  Neocallimastix	  sp.	  GE44
	  Neocallimastix	  sp.	  TMC4
	  Neocallimastix	  sp.	  TMC2A
	  Neocallimastix	  sp.	  GE13	  isolate	  AFTOL -‐ ID	  638	  (DQ273822.1)
	  Neocallimastix	  sp.	  GE13
	  Neocallimastix	  sp.	  K F9

	  Anaeromyces	  sp.	  SSD-‐BRL2	  (JX017317)
	  Anaeromyces	  sp.	  SSD-‐BRL3	  (JX017318)
	  Anaeromyces	  sp.	  SSD-‐BRL1	  (JX017316)
	  Anaeromyces	  sp.	  SSD2	  (HQ703467)

	  Anaeromyces	  sp.	  SSD1	  (HQ703466)
	  Anaeromyces	  sp.	  SSD3	  (HQ703468)
	  Anaeromyces	  sp.	  SSD4	  (HQ703469)

	  Anaeromyces	  sp.	  SSD5	  (HQ703470)
	  Anaeromyces	  mucronatus	  strain	  ZF1	  (JN939167)
	  Anaeromyces	  sp.	  28XY
	  Anaeromyces	  cf.	  mucronatus	  L F1	  (JN939170)
	  Anaeromyces	  cf.	  mucronatus	  BF1	  (JN939169)
	  Anaeromyces	  cf.	  mucronatus	  ZU2	  (JN939171)
	  Anaeromyces	  cf.	  mucronatus	  JF1	  (JN939172)
	  Anaeromyces	  sp.	  K 9	  (JN939157)

	  Anaerobic	  fungi	  Isolate	  SSD-‐CIB1	  (JX017314)
	  Anaerobic	  fungi	  Isolate	  SSD-‐CIB2	  (JX017315)

	  Anaeromyces	  sp.	  GE09
	  Cyllamyces	  aberensis	  isolate	  AFTOL -‐ ID	  846	  (DQ273829.1)
	  Cyllamyces	  sp.	  EO14
	  Cyllamyces	  sp.	  Isol1

	  Caecomyces	  sp.	  30901
	  Caecomyces	  sp.	  2	  GRL -‐12	  (JF974124)
	  Caecomyces	  communis	  OF1

	  Piromyces	  sp.	  VFT6
	  Piromyces	  sp.	  Pr1	  (JN939159)
	  Piromyces	  sp.	  8	  GRL -‐9	  (JF974121)
	  Piromyces	  sp.	  9	  GRL -‐10 	  (JF974122)
	  Piromyces	  sp.	  4	  GRL -‐5	  (JF974117)
	  Piromyces	  sp.	  5	  GRL -‐6	  (JF974118)
	  Piromyces	  sp.	  6	  GRL -‐7	  (JF974119)
	  Piromyces	  sp.	  7	  GRL -‐8	  (JF974120)
	  Piromyces	  sp.	  1	  BRL -‐3	  (JF974096)
	  Piromyces	  sp.	  2	  BRL -‐4	  (JF974097)
	  Piromyces	  sp.	  3	  BRL -‐5	  (JF974098)
	  Piromyces	  sp.	  10 	  GFM-‐3	  (JF974127)
	  Piromyces	  sp.	  C1(PCS1)
	  Piromyces	  communis	  P
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Figure 6.2 Maximum Likelihood phylogenetic tree of anaerobic fungi generated from 
analysis of the LSU region. 
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6.2.4 Validation of genus- and species- specific primer pairs 

The PCR amplification of different isolates of Anaeromyces, Orpinomyces (genera), O. 

intercalaris, O. joyonii, Neocallimastix and Piromyces species were expected to give product 

sizes of 385, 340, 374, 538, 261 and 524 bp respectively (Figure 6.3). The results of 

amplification of a range of isolates showed successful validation of most of the primer pairs 

(Anaeromyces, Orpinomyces (genera), O. intercalaris and O. joyonii) in terms of no cross/non 

specific amplification. No amplification of O. intercalaris was expected as there was no isolate 

of this species present in the IBERS collection. However, the Neocallimastix and Piromyces 

specific primers were not successful as no PCR amplification of Neocallimastix and only one (of 

two) Piromyces occurred. 

 

6.3 Conclusion 

The analyses of newly sequenced isolates were in accordance with the PhD work of the 

fellow in terms of their alignment, rare intra-individual polymorphism and high degree of 

variations; further confirming the suitability of the LSU to discriminate at the species level. The 

restriction patterns generated after co-digestion of the LSU region with AluI and HinfI showed 

distinct characteristic fragments for different genera of anaerobic fungi, indicating their potential 

application for the identification and differentiation of different anaerobic fungal isolates. Genus 

and species primers were further validated for Anaeromyces, Orpinomyces (Genera), O. 

intercalaris and O. joyonii - but not for Neocallimastix and Piromyces. The phylogenetic 

analysis of all the LSU sequences clearly separated all the sequences into different clusters for 

their respective genera and known species, further confirming its suitability for anaerobic fungal 

diversity studies. 
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Figure 6.3 PCR amplified products of different genera/species. M, 100 bp marker; different 
lanes represents different genera and species; 385, 340, 538 and 524 bp products for 
Anaeromyces, Orpinomyces (Genera), O. joyonii and Piromyces species. No amplification for O. 
intercalaris and Neocallimastix primer pairs was observed. 
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7: Experience gained 

The fellowship provided a unique opportunity to learn a variety of new techniques (automatic 

gas production system, DGGE, in sacco experimentation, QPCR, fingerprinting software etc.) 

that were either performed as part of the fellows work – or were observed from the work of other 

researchers. The fellowship also enabled multiple interactions with experts in the field of rumen 

molecular microbiology. The time spent in the UK was also a valuable and memorable 

experience in terms of exposure to a different culture. 

 

8: Follow up plans 

The findings of this project (as well as the additional research work conducted) are expected to 

be published in peer-reviewed journals. The validated primers and PCR-RFLP method can also 

now be used for studying the diversity and heterogeneity of anaerobic fungi. Moreover, the 

experiences obtained during the fellowship will be useful in writing research grants for further 

advancement of the fellow’s career. 
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