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Figure 5.16 Fungal tefA and tubB gene expression normalized with plant EF1-α and tub2 
genes for outer and center leaf blades in N. siegelii-meadow fescue symbiotum 955. 
Fungal tubB gene expression also was normalized with the fungal tefA gene for 
comparison.  
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Figure 5.17 Fungal tefA and tubB gene expression normalized with plant EF1-α and tub2 
genes for outer and center leaf blades in N. uncinatum-meadow fescue symbiotum 4002. 
Fungal tubB gene expression also was normalized with the fungal tefA gene for 
comparison.   
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Figure 5.18 Dry and fresh tissue weight ratio from N. uncinatum-meadow fescue 
symbiotum 4002 upper parts: outer and center leaf blades. 
Top: fresh and dry tissue weights.  
Bottom: dry to fresh tissue weight ratios.  
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Figure 5.19 Dry and fresh tissue weight ratio from N. siegelii-meadow fescue symbiotum 
955 upper parts: outer and center leaf blades.  
Top: fresh and dry tissue weights.  
Bottom: dry to fresh tissue weight ratios.  
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Figure 5.20 Average levels of amino acids from symbiotum 955 upper regrowth part 3 
day post clipping (PC) (plant No.3 and 4) and uncut control plant upper part prior to 
clipping (plant No.1 and 2).  
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CHAPTER 6  

 

Conclusions and Discussion 

 

LA are secondary metabolites produced by Epichloë endophytes in a broad range 

of cool-season grasses. LA do no harm to livestock, but instead have been reported as 

feeding deterrent and toxic to various herbivorous insects. This specific bioprotective 

activity of LA has therefore attracted great interest in researchers. Much attention has 

been drawn to where LA are, how LA are produced, and how LA level is controlled.   

In my study, expression profiles of LOL-2 genes in WT N.uncinatum and the Pro-

lolA2-GUS tranformant, 188b6N, were tightly coregulated with each other (p < 0.0005) 

during LA production in MM culture. Expression of all tested LOL genes showed a 

significant temporal quadratic pattern during the process of LA production, which 

indicates a relationship between LOL gene expression and LA production. Gene 

expression was detectable before LA production, and increased as LA accumulated. The 

highest expression level was reached before the highest LA level was detected in culture, 

and gene expression level gradually declined to a very low level after LA level reached a 

plateau indicating the stop of production.  

Some subsets of LOL genes showed very closely correlated expression patterns. 

Particularly in WT, lolC, hypothesized to encode the enzyme catalyzing the first step in 

loline biosynthesis, and lolA, a gene putatively involved in recruiting amino acid 

precursors to the loline pathway, showed very strong correlation (R = 0.9877; P < 

0.0001), as did lolT and lolE, two genes sharing their promoter regions (R = 0.9866; P < 

0.0001). The hierarchical cluster based on correlation coefficients from temporal gene 

expression was observed to predict coregulated subsets and sequences involved in the 

regulation of the LA pathway. Specific steps of roles are predicted for the enzymes 

encoded by genes lolT2, lolE2, lolF2, and lolO2 based on the gene temporal expression 

cluster analysis. During the same time course, two genes (proC and metX) for 

biosynthesis of LA-precursor amino acids, and the tubB gene for β-tubulin, showed less 
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correlation with LOL gene expression, whereas the gene for a putative C2H2 

transcription factor correlated with LOL gene expression. 

In dramatic contrast to the results in culture, no evidence indicated that LOL genes 

were coregulated with LA production level in vegetative tissues in planta (N. uncinatum-

meadow fescue, or N. siegelii-meadow fescue). Dramatically high LA level was detected 

in young emerging leaf blades (before or after clipping) and declined as the leaf grew 

older, so clipping did not directly result in LA increase. This observation suggests that 

LA may be produced in young leaves more quickly than in old leaves. Despite this, there 

was no obvious LOL gene expression level difference in young versus old leaves. 

However, availability of LA substrates in old and young leaf tissues showed significant 

differences in several critical amino acids that could serve as LA precursors. Asn showed 

more than 10-fold higher levels in young leaf tissue than in old tissue, whereas Pro 

showed significantly lower levels in young tissue. Therefore, it is reasonable to propose 

that substrate resource regulates LA production level in vegetative tissues. 

On the other hand, in E. festucae inflorescences and stromata, LOL genes showed 

coordinate regulation with LA level, whereby lower LOL gene expression was correlated 

with lower LA level in stromata, and higher LOL gene expression with higher LA level in 

inflorescence.  

In N. uncinatum MM culture, the regulation seems to be very well controlled with 

all the gene temporal expression tightly correlated with each other along with LA 

production. In contrast, the other LA-producing species have so far failed to produce LA 

in culture (Spiering et al 2005b); J.D. Blankenship, J.R. Faulkner, and M.R. Spiering, 

unpublished data). It is reasonable to assume there are specific regulators in planta 

initiate LOL gene expression for LA production by N. coenophialum, N. siegelii, and E. 

festucae. My finding of coordinate regulation of LOL gene expression with LA level in E. 

festucae inflorescences and stromata, suggests that the plant may directly or indirectly 

signal the fungus to regulating LOL gene expression, thereby modulating LA production 

in symbiota. But I obtained evidence suggesting another way to regulate LA levels in 

symbiota; namely, by substrate availability in N. siegelii (or N. uncinatum)-meadow 

fescue vegetative tissues. It seems, therefore, that different regulators are involved in the 
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mechanisms underlying LOL gene expression and LA production levels in different 

circumstances.  

Evidence from this study suggested that proper regulation in culture requires 

native promoters with genes in the context of a LOL cluster. In transformants with Pro-

lolA2 and Pro-lolC2 fusion with reporter gene GUS, or Pro-lolC2 fusion with cre 

recombinase, both GUS and cre failed to show the same expression pattern as the native 

LOL genes showed in culture. GUS activity was very low in all transformants, and GUS 

gene expression did not correlate with lolC2 or lolA2 gene expression patterns in culture. 

The cre gene was expressed in complex media where lolC2 expression was normally low. 

The lolC2 promoter itself was not sufficient to determine the gene expression pattern in 

culture, which strongly suggested that regulation in culture was dependent on the LOL 

cluster or the location in the genome.  

Results also showed that the GUS transgene under Pro-lolC2 in N. coenophialum 

was expressed in symbiota. However, the cre transgene under Pro-lolC2 in N. uncinatum 

might have be suppressed in symbiota since cre-ble loop-out was never obtained in 

symbiota. This again supported the finding that different regulators from symbiota are 

involved in LOL gene expression, to enhance, trigger, or suppress LOL gene promoter 

activity.  

Finding regulators involved in culture or symbiota,  therefore is of great interest. 

A likely ortholog for the global secondary metabolite regulator, LaeA, was found in E. 

festucae 2368 genome. The LaeA ortholog could be a potential global regulator for LA 

production and other fungal metabolites in symbiota. Testing its functions would be 

worthwhile, along with testing C2H2, the putative transcription regulator in N. uncinatum 

MM culture. Two common TF binding sites, Mat1-Mc and HSF, were found in all the 

promoter regions in LOL2 cluster. Investigation of corresponding TFs and their roles in 

LOL gene expression would be expected for future work. Likewise, the influence of 

substrate availability, particularly in young tissues, on LA production, will be important 

to investigate further.  

  

 
Copyright © Dong-Xiu Zhang 2008 
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