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I. Executive Summary: 



This project had, what turns out to be, the lofty goals of identifying the mechanism of resistance that has developed in a weedy California ryegrass population to the most commonly used herbicide in the world, glyphosate (e.g. Roundup).  Many researchers around the world are investigating this question, and to date, nobody has identified the mechanism.  The three general objective associated with this project: were to develop a protocol for isolating DNA and running polymerase chain reactions (PCR) to detect commercially released genetic modification for glyphosate resistance for a classroom setting, to isolate and sequence the gene that codes for the target protein of glyphosate, and lastly, to look for alternative mechanisms of resistance to glyphosate if sequence alteration was not a viable explanation.  We were unable to complete the last portion of the second and entire third objective as funds were insufficient to address all issues that arose with our research.  We were able to develop an efficient protocol for the classroom exercise of DNA isolation and PCR by using a combination of kits, the Bio 101 Fast Prep protocol for macerating young plant tissues and the Qiagen DNeasy kit for its filtering protocol.  This made for a rapid and clean PCR for detecting both the Cauliflower mosaic virus (CaMV) 35-S promoter and the nopaline synthase NOS) terminator.  We then downloaded the 5-enolpyruvylshikimate-3-phosphate synthase (EPSP synthase) sequences for all species on file in the National Center for Biotechnology Information (NCBI) database and found the regions that are conserved among organisms.  From these conserved regions we developed combination of primer sets that consistently yields a 150 base pair anchor region within the EPSP synthase gene.  We were able to amplify and clone the entire EPSP synthase gene in E. coli but subsequent sequencing efforts yielded ambiguous results.  Therefore, identified a highly conserved anchor region within the EPSP synthase gene.  From this anchor an inverse PCR technique can be used to amplify the flanking regions and then each of these flanking amplicons can be cloned and sequenced with much less ambiguity.  We also isolated RNA at high yields from the susceptible and resistant ryegrass biotypes to conduct similar sequencing of cDNA representing expressed regions of genomic DNA.  Results from Simarmata et al. (2003) addressing the same problem have affirmed the appropriateness of our approach in this project.                       

J. Major Accomplishments:
Objective 1: Developing a Protocol for PPSC 405 Laboratories 
· Use of younger plant tissues provided clear and consistent DNA isolation and PCR results.  This step has eliminated many of the false negatives we experienced previously in classroom exercises due simply to using cells that are easy to break apart to extract DNA.  Older plant cells often have secondary cell walls (lignified) and are therefore difficult to shear open.   
· Use of the Qiagen DNeasy Plant Mini kit provided the most suitable genomic DNA from our plant species, Italian ryegrass, based on final PCR results.  This was the DNA extraction technique we used for DNA sequencing in Objective 2.  

· The Bio 101 Fast Prep kit was easier for students to use because an initial liquid nitrogen maceration step to break up plant cells was replaced with a cleaner plant tissue shaking step using the FastPrep apparatus.  The DNA isolation protocol for students is now the first four steps of the Bio 101 Fast Prep protocol utilizing the shaker and then the DNeasy filtering portion to take advantage of the benefits of both approaches.  This combination of methods has drastically reduced the potential for sample contamination.  The spin column capacities of the DNeasy filters was 30 µg of DNA but final yields were probably about 15-20 µg of DNA from the corn samples and probably less than 10 µg of DNA from the cotton and ryegrass.  Final volume was brought to 100 µl, therefore, final concentrations were about 80-100 ng µl-1 for corn and 50 ng µl-1 for cotton and ryegrass.  All DNA isolate from corn, Roundup Ready or conventional, was diluted 1:10 with nanopure water prior to PCR to accentuate the amplicon bands. 
· 
· We have identified primers specific to the NOS terminator and to the genetically modified CP4-EPSP synthase that will positively detect genetically modified corn (Roundup Ready® corn), which was problematic in previous attempts.  Several primer sets were tested based on the literature (Matsuoka et al. 2002, Spoth and Strauss 1999, Hemmer 1997).  The earlier problems were due to a modified CaMV promoter that is commonly used in Roundup Ready® corn varieties called an “enhanced P-35S CaMV promoter”.  The NOS primer set amplifies target sequences in Roundup Ready® corn and Roundup Ready® cotton so has been utilized in PPSC 405.  The normal (not “enhanced”) CaMV promoter primer set amplifies target sequences in Roundup Ready® cotton.  All primer sets were used to test the resistant ryegrass biotype for possible human associated genetic modification (e.g. GMO transfer).  

· Primers were synthesized by Operon Biotechnologies (www.operon.com).  The lyophilized product was diluted with an appropriate volume of water to a final concentration of 50µM and stored at -20 (C until use.  
	Table 1. Polymerase chain reaction protocol for detection of the cauliflower mosaic virus promoter (CaMV 35S promoter) and the nopaline synthase termination sequence (NOS terminator) in commercially available genetically modified organisms derived from Agrobacterium tumefaciens used in Roundup Ready corn and Roundup Ready cotton

	PCR Step
	CaMV 35S Promoter
	NOS Terminator

	Sense primer sequence
	5’ GCT CCT ACA AAT GCC ATC A 3’
	5’ GAA TCC TGT TGC CGG TCT TG 3’

	Anti-sense primer sequence
	5’ GAT AGT GGG ATT GTG CGT CA 3’
	5’ TTA TCC TAG TTT GCG CGC TA 3’

	Amplicon length
	195 bp
	180 bp

	Pre-PCR denaturation (temperature:time)
	94(C:5min
	95(C:10min

	Denaturation (temperature:time)
	94(C:30sec
	95(C:1min

	Annealing (temperature:time)
	54(C:30 sec
	56(C:2min

	Extension (temperature:time)
	72(C:30sec
	72(C:2min

	Final Extension

(temperature:time)
	72(C:7min
	72(C:7min

	Cycle number
	30 cycles
	45 cycles
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The optimal PCR mix required the Amersham Pharmacia Biotech Ready-to-Go PCR beads (www.amersham.com).  Each of these beads contained 1.5 units of Taq DNA Polymerase, 10 mM Tris-HCL (pH 9.0 at room temperature), 50 mM KCl, 1.5 mM MgCl2 200 µM of each dNTP and stabilizers, including BSA when the reaction mix was brought to a final volume of 25 µl.   Sense and antisense primers were added to the reaction mix at a volume of 1µl each.  Isolated plant DNA (5µl) was added to the mix.  

· Several annealing temperatures and times were tested.  The optimal annealing temperature and time for the CaMV 35S promoter was 54(C:30 sec (Table 1).  The optimal annealing temperature and time for the NOS terminator was 56(C:2 min. (Table 1).  Under these conditions amplification of the desired amplicon occurred while minimizing false priming and its concomitant multiple banding (Figures 1 and 2).
· PCR provided clear and consistent results for the commercially released genetically modified crop varieties and also allowed students to prove for themselves that the mechanism of glyphosate resistance in the resistant California ryegrass biotype was not the result of synthesized transgenic (GMO) movement (Figures 1 and 2).       
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Objective 2: Isolation and Sequencing of Resistant Ryegrass EPSP synthase
· We utilized the National Center for Biotechnology Information (National Library of Medicine and the National Institute of Health) which supports a website dedicated to maintaining a database of nucleotide and amino acid residue sequences for thousands of genes and organisms (http://www.ncbi.nlm.nih.gov/entrez).  We downloaded all the sequenced EPSP synthase genes and proteins that are in the database.  

· We compared EPSP synthase sequences using MEGALIGN (LaserGene Software, DNASTAR, Madison, WI).  From this comparison, we identifed the regions along EPSP synthase that are conserved among organisms.  Because other cases of evolved glyphosate resistant in weed populations involved a single residue substitution at EPSP synthase position 106, the region between positions 90 and 120 in the resistant ryegrass was of greatest interest to us as we entered the next phase of this research. The amino acid residues in position 90 to 120 define the binding site for glyphosate which inactivates EPSP synthase.  However, this phase may reveal other regions that are conserved and may correlate with glyphosate susceptibility and resistance.  

· We were able to amplify the entire EPSP synthase gene from both ryegrass biotypes (resistant and susceptible) and successfully cloned them in E. coli. utilizing the TOPO Cloning kit (Invitrogen).  Subsequent sequencing attempts gave us ambiguous DNA sequences.  Therefore, we are now using an inverse PCR technique to amplify flanking regions from a known highly conserved anchor sequence in the middle of the EPSP synthase gene.  The flanking amplicons will be cloned and sequenced.  Alignment software will be used to align the sequenced flanking fragments so that we can obtain the entire EPSP synthase sequence for both the susceptible and resistant ryegrass for comparison.  

· The inverse PCR technique we subsequently adopted began with testing sense and anti-sense oligonucleotide primers that were 15-25 bp long corresponding to either side of a highly conserved region of EPSP synthase (Figure 3).  This region corresponded to the glyphosate binding site as discussed above.  We have based our primer set for EPSP synthase gene isolation on GenBank accession number AF349754.1, which is the EPSP synthase sequence for a glyphosate susceptible Lolium rigidum (Table 2).

Table 2. Primer sequences, estimated annealing temperatures, and the %CG composition. 

	Direction
	primer name
	primer sequence
	annealing T (˚C)
	CG %

	Forward
	EPSP-F1
	GTAGCTGCTGGTGGAAATGC
	58.2
	55

	
	EPSP-F2
	CTGCTGGTGGAAATGCGAC
	59.4
	57

	
	EPSP-F3
	CCAAGAATGAGGGAGCGAC
	57.6
	57

	
	EPSP-F4
	GGGAGCGACCTATCGGGTG
	58.2
	66

	Reverse
	EPSP-R1
	CAGGTGGGCAGTCAGTGC
	57.1
	66

	
	EPSP-R2
	GCCGTTGATCCGAACAGG
	59.1
	61

	
	EPSP-R3
	CCCTCCAATGCCGTTGATAC
	60.1
	55

	
	EPSP-R4
	TAGCCCTCCAATGCCG
	55.1
	62
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· [image: image4.bmp]After looking at several possible combinations of primer sets in Table 2, the EPSP-F4 and EPSP-R3 primer combination consistently produced the strongest ~150bp band (Figure 4).  This ~150 bp amplicon represents an anchor point within the conserved region of the EPSP synthase gene anchor point, from which we can sequence the entire gene of both ryegrass biotypes.  

· We have prepared the amplicon (from using EPSP-F4 and EPSP-R3 primers) for sequencing by using a prepared cloning kit, TOPO TA Cloning Kit for Sequencing. 
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A top priority will be to sequence the EPSP synthase mRNA because it does not have introns, promoters, terminators, or other regulatory regions We have successfully isolated clean and intact RNA from the glyphosate susceptible and resistant ryegrass species, which will be used to develop cDNA using a reverse transcriptase PCR protocol (Figure 5).  The stage is set to follow essentially the same TOPO Cloning kit protocol that we use for genomic DNA sequencing to obtain an intact cDNA sequence for EPSPS from both susceptible and resistant ryegrass.
· We were unable to complete this last portion of the project because some of our matching funds were not realized.  However, with a highly conserved anchor region identified and RNA isolated from both biotypes, can now use the GeneRacer Kit (Invitrogen) for full length RNA ligase mediated rapid amplification of 5’ and 3’ cDNA ends.  We can use the kit coupled with our EPSP-R3 primers and the 5’ end primer that comes with the kit to amplify the sequence from the 5’ end to the highly conserved ~150 bp region that we found previously.  Using our EPSP-F4 primer and the 3’ oligo-T primer that comes with the kit to amplify the sequence from the 3’ end to the highly conserved ~150 bp region.  After sequencing both of these regions we will have the complete EPSP synthase mRNA sequence.  The complete sequences of both biotypes can then be compared to look for sequence differences that might confer functional differences for resistance.  
Objective 3: Pursuit of Alternative Mechanisms
· We did not address this objective of the project for reasons explained in the previous section.  The mechanism of weed resistance to glyphosate resistance has been shown to be multifaceted (Norsworthy et al.  2001). There is extensive research around the world attempting to identify the mechanism of glyphosate resistance with similar ambiguities as we experienced while attempting to sequence the entire EPSP synthase gene.  Baerson et al. (2002) found differences among resistant and susceptible ryegrass biotypes for their DNA fingerprint using a restriction fragment length polymorphism (RFLP) protocol, but the differences did not correspond to whether the biotype was resistant or susceptible.   They also found that resistance was not due to reduced sensitivity to glyphosate.  There was some evidence for over-expression (i.e. amplification) of the target enzyme EPSP synthase as well as evidence for some unspecified non-target mechanism.  Over-expression of the EPSP synthase enzyme would tie up any applied glyphosate thus conferring a form of glyphosate tolerance.  Other research indicates that glyphosate metabolism to AMPA is not a mechanism of resistance because AMPA has herbicidal activity on the susceptible biotype but not the resistant biotype (Feng et al. 1999, Lorraine-Colwill et al. 1999).  Thus, resistance to AMPA may be related to resistance to glyphosate.  The resistant biotype used by Baerson et al (2002), Feng et al. (1999) and Lorraine-Colwill et al. (1999) was from Australia.  Our resistant biotype was from Butte County, California.   It is highly likely but not a certainty that the two biotypes share similar mechanisms of glyphosate resistance given the fact that they are the same species and resistance developed under the same intense selection pressure of continuous glyphosate applications.
· Glyphosate absorption, translocation through the plant, translocation into the chloroplast or sensitivity to AMPA or shikimic acid was significantly different between the susceptible and resistant California ryegrass biotypes (Simarmata et al. 2003).  Therefore, it is likely that the resistant California ryegrass biotype either over expresses EPSP synthase or has an EPSP synthase that is insensitive to glyphosate such as by binding site conformational change.  This was later mechanism was the second objective to this project.  Results from Simarmata et al. (1999) affirm the appropriateness of our project objectives.       
· The potential EPSP synthase over-expression mechanism of glyphosate resistance could be addressed as follows:  Once the cDNA sequence for EPSP synthase in both ryegrass biotypes is known we can use real-time PCR (rtPCR) to assess EPSP synthase expression level.  Specifically, we will use the TaqMan Sequence Detection Method using the Applied Biosystems Real Time PCR machine that the College of Agriculture has contributed to and resides in Undergraduate Biotechnology Laboratory (UBL) established by Peter Jankay.  
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K. Impact Statements: 

· As a result of this research and that conducted in various parts of the world, identifying the mechanism of glyphosate resistance that has developed in a biotype of Italian ryegrass in northern California will be more difficult than originally thought.  
· A protocol was developed appropriate for classroom investigations into the genetic mechanisms of unintentional and commercially intentional herbicide resistance that detects both the Cauliflower mosaic virus (CaMV) 35-S promoter and the nopaline synthase NOS) terminator.
· A combination of the Bio 101 Fast Prep protocol for macerating young plant tissues and the Qiagen DNeasy kit for its filtering protocol makes DNA isolation and PCR clean and consistent. 
· Conserved regions of EPSP synthase sequences have been identified for all species on file in the National Center for Biotechnology Information (NCBI) database.  
· Significant portions of the EPSP synthase gene in both ryegrass biotypes have been amplified and cloned, however, as with other research being conducted, subsequent sequencing efforts yielded ambiguous results.
· Primer sets were developed around a conserved region of the EPSP synthase sequence that consistently amplifies a 150bp fragment to be used as an anchor region from which inverse PCR may be utilized for sequencing. 
· A protocol that provides high yields of RNA for the glyphosate resistant and susceptible ryegrass biotypes has been developed. 

L. Dissemination, publications and presentations of research:
Rick Loya. Synthesized and natural genetic mechanisms of glyphosate (Roundup®) resistance in crops and weeds. Masters Thesis (to be completed 2006-2007).
Steinmaus, S. 2004.  Herbicide Resistance: Transgenic and Natural.  Invited speaker, Target Specialty Products October 19, 2004, Radisson Hotel, Sacramento, CA.

Steinmaus, S. 2004. Herbicide Resistance: Transgenic and Natural.  Invited speaker, Target Specialty Products, October 5, 2004, Marriot Ventura Beach Hotel, Ventura, CA.

Steinmaus, S.  Guest lecturer: Title: Plant Biotechnology.  SCM 201, Introduction to Biotechnology, contact Sue Elrod.  February 2004. Cal Poly Campus

Loya, R. and S. Steinmaus.  2003.  An undergraduate laboratory exercise investigating Roundup Resistance.  Proceedings of the 55th Annual California Weed Science Society Conference 
Steinmaus, S, P. Jankay, and J. Wong.  2003.  Genetic mechanism and competitiveness of a glyphosate resistant ryegrass (Lolium multiflorum).  USDA-National Research Initiative- Competitive Grants Program.  Program 51.3 Biology of Weedy and Invasive Plants.  Proposal #:2003-02090 (not funded)








































































Rye (S)











100bp ladder





Rye (R)








corn








RR corn





Figure 2.  Gel image following PCR for the 180bp portion of the NOS terminator showing a positive for Roundup Ready® (RR) corn and negatives for the glyphosate resistant  ryegrass (rye(R)) and susceptible ryegrass (rye(S)) as well as the non-transformed corn. 








Figure 1.  Gel image following PCR for the 195bp portion of the CaMV 35S promoter showing positives for Roundup Ready® (RR) cotton and negatives for the glyphosate resistant  ryegrass (rye(R)) and susceptible ryegrass (rye(S)) as well as the non-transformed cotton. 
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Figure 5.  Gel showing the relatively high yields of RNA extracted  from the glyphosate susceptible and resistant ryegrass biotypes.
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Figure 4.  (a.) 100 bp DNA ladder, (b.) ~275 bp amplicon for primer set EPSP-F2 and EPSP-R3, and (c.) ~150bp amplicon for primer set EPSP-F4 and EPSP-R3 using genomic DNA from glyphosate resistant ryegrass.
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Figure 3.  A portion of the EPSP synthase gene showing a ~400 bp highly conserved region within dotted box and how the initial primer sets were designed so that a portion of this region would amplify consistently and intensely with PCR.  The primer sets (F1-R4) correspond with those in Table 1. 
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