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the grass Apera spica-venti, 22 a double mutation at ALS codon 122 causing a Ala-122-Tyr 372 substitution in Raphanus raphanistrum 23 and two combined mutations at codons 102 and 106 373 at the 5-enolpyruvylshikimate-3-phosphate synthase gene that encodes another herbicide target 374 enzyme in the grass Eleusine indica. 24 Double-mutations in one pesticide gene have often been 375 reported to confer an increased resistance level and/or a broader resistance spectrum, especially 376 in fungicides (e.g., 25 ) but also in herbicides. 24 Herbicide sensitivity bioassays are needed to 377 establish the resistance pattern associated to the double mutation identified in groundsel.

378

NGS analysis correctly identified a total of four amino-acid substitutions in ragweed. 379 Three of them were detected in North American ragweed plants used to generate control 380 populations (Table 1). A Trp-574-Leu substitution had previously been identified in this 381 species. 26 An Asp-376-Glu substitution had been identified in 12 species so far, 17 while a Gly-382 654-Asp substitution had only been reported in the grass weed Setaria viridis to date. 27 The last 383 substitution, Ala-205-Thr, was carried by French plants from the field and had never been 384 reported before. Herbicide sensitivity bioassays are underway to establish its associated 385 resistance pattern. 3), even if some differences could be observed (Tables 1 and2). The causes 391 at the root of these discrepancies may be differences in the amount of plant material collected 1,2). Indeed, these mutations 397 were actually detected by NGS, but with an estimated frequency that was below the 0.9% 398 threshold set for reliable mutation detection. This flaw could be overcome by using a 399 proofreading Taq polymerase in the PCRs preceding NGS, which would allow lowering the heterozygous mutants may be of some relevance. However, for resistance management in the 415 field, the vital information is rather the detection of mutation(s) involved in pesticide resistance 416 in one pest population. Such mutations are an unambiguous indicator that resistance is arising, 417 and that steps are to be taken to delay its onset. 418 Herein, we targeted 15 codons in one ALS gene in 96 batches of 50 plants (ragweed) 419 and in two ALS homeologs in 96 other batches of 50 plants (groundsel), which surpasses all 420 preceding studies having applied NGS to pesticide resistance detection. 8,9,10 As it is described here, our NGS-based method only targets mutations at specific codons in the 447 ALS gene. However, the scope of the method can be extended. First, any ALS nucleotide 448 present in the amplicons sequenced can very easily be added to the list of positions to be 449 screened by our pipe-line. This could reveal novel mutations of interest. Second, the pipe-line 450 developed herein can be applied to other weed or pest species. As the level of nucleotide 451 polymorphism varies with the species, this will require to adapt the alignment stringency to the 452 gene(s) and to the weed or pest targeted. This can be done by running the pipe-line on a set of 
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The number following the mutation refers to the ALS homeolog (1, ALS1; 2, ALS2). For groundsel analyses, overhang adapter sequences were included at the 5' end of the plants in these populations (Tables 1,4). Thus, a total of eight mutations causing amino-acid that was present with a frequency of 1% was detected with a frequency of 0.63%, i.e., below 307 the 0.9% threshold (Table 2). No mutations were detected in 79 of the 87 field populations 308 investigated. In the remaining eight populations (all from Occitanie), a G-to-A transition at the 309 first nucleotide in codon 205 causing an alanine-to-threonine amino-acid substitution was 310 detected in frequencies ranging from 0.9 to 11.5% (Table 2). Mapping the eight populations 311 from Occitanie investigated herein revealed that six populations were clustered within a radius 312 of roughly one km within one river valley. The other two populations could be "escapees" 313 disseminated by, e.g., agricultural machinery, to different river valleys 2.5 km south and 7.5 314 north from the main resistance focus, respectively (Figure 12). as in the control populations were subsequently compared (Tables 1 and2, Figure 23). For the actually present with a frequency of 1% (i.e., false negatives; Tables 1 and2). In all three cases, 340 the mutations in question had been detected by NGS analysis, but their estimated frequencies 341 ranged from 0.2 to 0.7% and were therefore below the threshold set for reliable mutation 342 detection (0.9%). On the other hand, mutations present with a frequency of 1% were 343 successfully detected by NGS analysis in two groundsel populations and seven ragweed 344 populations (Tables 1 and2). 1,2). 397 Indeed, these mutations were actually detected by NGS, but with an estimated frequency that 398 was below the 0.9% threshold set for reliable mutation detection. This flaw could be overcome preceding studies having applied NGS to pesticide resistance detection. 8,9,10 

  of NGS-based quantification of mutations endowing pesticide resistance 388 The frequencies of the ALS mutations assessed by NGS analysis of 50-plants pools matched 389 very closely those determined by analysing the corresponding individual plants in both species 390 investigated (Figure

  392 among individual plants, especially in groundsel where leaf thickness is rather variable, and/or 393 a heterogeneous efficacy of DNA extraction and/or PCR. An unequal contribution of all plants 394 in one pool to the mixture of amplicons generated for NGS is most likely the reason why NGS 395 analysis of plant pools failed to detect mutations present with a frequency of 1% in two ragweed population (false negatives, Tables

  400 mutation detection threshold, and/or by slightly decreasing the number of plants per pool (e.g., 401 40 plants per pool, which would yield a minimum expected mutation frequency of 1.25% on a 402 given gene or homeolog in the pool). Considering the tremendous sequencing depth achieved 403 in this study for every ALS amplicon sequenced, analysis of two pools of 40 plants per 404 population investigated rather than a single pool of 50 plants could be performed for 96 405 populations in one single Illumina run with a codon coverage adequate for mutation detection. 406 This way, reducing the number of plants per pool could largely be compensated for by analysing analysis of plant pools detected and quantified resistance-endowing mutations in 411 9,600 individual plants clustered into 192 pools. This approach did not allow to determine the 412 genotypes of the individual plants constituting the pool. This could be considered a drawback 413 in the case of recessive resistances, where differentiating between homozygous and 414

  extractions followed by the production of three amplicons, each in 422 triplicate PCR reactions per extraction, i.e., 1,728 PCRs, and two Illumina MiSeq runs. (It 423 should be mentioned that, given the sequencing depth achieved, one single such run would have 424 been sufficient to analyse all 192 pools). The same study conducted by the conventional single-425 codon PCR-based genotyping assays used for resistance detection (e.g., 15 ) would have required 426 9,600 DNA extractions. It would have necessitated, first, to set up and validate 15 codon-427 specific genotyping assays for ragweed and 30 homeolog-and-codon-specific genotyping 428 assays for groundsel, then, to carry out and visualise 15 genotyping assays per ragweed plant 429 and 30 per groundsel plant, i.e., a total of 216,000 PCRs (followed by the same number of 430 restriction enzyme digestion reactions in the case of dCAPS). If Sanger sequencing had been 431 used instead of genotyping, this study would have necessitated the production of three 432 amplicons in triplicate PCR reactions in ragweed and six in groundsel (three per homeolog), 433 i.e., 121,500 PCRs, followed by 40,500 Sanger sequencing runs. This clearly illustrates the 434 power of NGS for diagnosing resistance-endowing mutations in numerous samples. 435 In contrast to preceding NGS studies addressing pesticide resistance diagnosis, 9,10 our 436 work was carried out using a rapid DNA extraction procedure based on a non-commercial, lab-437 made extraction buffer. 16 The rough DNA extracts obtained proved perfectly suitable for 438 resistance detection in pools of 50 individual plants. After Illumina sequencing, assignation of 439 the sequence reads to their originating sample was performed using the software attached to the 440 sequencer. This can be done in the case of an in-house facility, or requested from any 441 sequencing supplier. The downstream analyses (read mapping on reference sequences, 442 mutation detection and quantification) required no commercial software, our pipe-line being 443 exclusively based on freely available programs and applications.

  453 previously characterised populations by modifying options for the Bowtie short read aligner 454 (see MutSeeker operating instructions). Third, the sequencing depth achieved by the Illumina 455 technology clearly allows to sequence several genes in a single run. This has been shown herein 456 by our analysing the two ALS homeologs in groundsel. Accordingly, several distinct pesticide 457 targets can be screened in one single NGS run. Resistance can also be due to non-target-site 458 based mechanisms. 28 When the mutations involved in these mechanisms are known, they can 459 be subjected to NGS-based detection. Amplifying and sequencing by NGS as many amplicons 460 as necessary to cover the genome regions including the nucleotide positions of interest is easily 461 feasible, keeping in mind that the length of each amplicon must be lower than that of the NGS 462 reads (i.e., lower than 500 nucleotides for 250 nucleotide pair-end sequences). If many genome 463 regions of interest are targeted, then a compromise is to be found between the number of 464 amplicons to be sequenced per population and the number of population to be sequenced per 465 NGS run so that a satisfactory sequencing depth (e.g., 10× for each amplicon obtained from 466 each individual plant in each pool) is achieved. illustrates the power and throughput of the NGS technologies for the detection of 470 mutations endowing pesticide resistance. The capacity of NGS-based resistance diagnosis exploited for massive resistance surveys (i.e., analysing numerous pest or weed 472 populations) as well as for in-depth resistance detection (i.e., analysing numerous pest or weed 473 individuals in one population to detect to onset of resistance at very early stages, when 474 resistance management practices can still nip resistance evolution in the bud). With the 475 continuously-increasing amount of sequence reads generated by NGS runs and the technical 476 possibility to multiplex hundreds of pools of individuals in one single NGS run, the era of 477 massive resistance diagnosis is clearly just dawning. As shown in our work, the tremendous 478 amounts of sequence reads generated can be analysed without the need for extensive training 479 in NGS data analysis, which should extend the benefit of using NGS diagnosis to a large number 480 of scientists dealing with pest control. Actually, the throughput of assays such as the one 481 described herein is so high that the future main issue with NGS-based resistance detection might 482 well be the possibility to obtain massive numbers of samples from the field. This issue could 483 be overcome by pooling populations of different pests and weed species in shared NGS runs. partly funded by Bayer CropScience France (groundsel sampling), by ANSES 487 via the system for monitoring the adverse effects of plant protection products 488 ('phytopharmacovigilance', established by the French Act on the future of agriculture of 13 489 October 2014) (groundsel sequencing) and by BASF SAS France (ragweed sequencing). We 490 thank the Gentyane facility (Clermont-Ferrand, France [http://gentyane.clermont.inra.fr/]) and 491 the GeT core facility (Toulouse, France [http://get.genotoul.fr]) for providing access to their 492 sequencing equipment.
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 159923 Figure 1. Flow-chart of the NGS-based resistance diagnosis procedure.

  a first PCR as described above. For each population, all three amplicons were 180 pooled in an equimolar mix and tagged with a population-specific index using Nextera XT 181 Index kit (v2) (Illumina). Tagged amplicons were pooled in an equimolar mix, purified with an 182 Agencourt AMPure XP kit (Beckman Coulter, Beverly, MA, USA), quantified using the Qubit 183 HS kit (Invitrogen) and loaded onto one Illumina MiSeq V2 cartridge according to the 184 manufacturer instructions. The quality of the run was checked internally using PhiX. The 185 resulting 250 nucleotide pair-end sequences passing Illumina standard quality controls were 186 assigned to their population of origin on the basis of the population-specific indexes using 187 bcl2fastq v2.20.0.422 (Illumina).188For ragweed analyses, overhang adapter sequences were also included at the 5' end of 189 the three F primers (5'-CTTTCCCTACACGACGCTCTTCCGATC-) and of the three R 190 primers (5'-GGAGTTCAGACGTGTGCTCTTCCGATCT-). Tailed primers were used in a 191 first PCR as described above. For each population, all three amplicons were pooled in an 192 equimolar mix and tagged with a population-specific, home-made six-bp index in a second, 12the population-specific index sequence. Tagged amplicons were purified 197 and loaded onto one Illumina MiSeq V3 cartridge according to the manufacturer instructions.

  the run was checked internally using PhiX. The resulting 250 nucleotide pair-199 end sequences passing Illumina standard quality controls were assigned to their population were analysed using the "MutSeeker", a custom function written in the 204 R programming language and and implementing packages available in the Bioconductor project 205 (bioconductor.org). This function, together with the R script for operating it, detailed operating 206 instructions and one training data set for each of the two species studied here, are available from /data.inra.fr/dataset.xhtml?persistentId=doi:10.15454/BCZF3S 209 Briefly, Tthe 250-nucleotide paired reads were not joined. All rReads were aligned to 210 reference ALS sequences (GenBank/EMBL accession KR024410 and KR024411 for groundsel 211 ALS1 and ALS2 partial sequences, respectively, or KX870184 for ragweed full ALS sequence) 212 using the short read aligner Bowtie as implemented in the package qQuasR. 19 SNP calling was 213 performed using the pileup query in the Rsamtools package. 20 All codons targeted were covered 214 by either the forward or the reverse read in the 250-nucleotide read pairs matching the 215 corresponding amplicon, except codons Asp375, Asp376 and Arg377 that were covered by both 216 reads. For these three codons, SNPs calls obtained from forward and reverse reads were pooled. 217 In a final step, variant counts were calculated at every nucleotide position where mutations 218 would cause amino-acid changes in the 15 ALS codons implicated in herbicide resistance 219 (

  281 substitutions at ALS codon 197 were identified in varying frequencies in the groundsel 282 populations investigated. A Pro-197-Leu substitution at ALS1 detected in 35 populations was 283 by far the most frequent mutation in the populations analysed.

  to-G transversion at the third nucleotide in codon 375 causing an aspartate-to-285 glutamate amino-acid substitution was identified in both ALS1 and ALS2 in 89 of the 96 286 populations analysed, in frequencies systematically comprised between 0.9 and 1.5%. Sanger 287 sequencing in six populations where this substitution was detected by NGS did not allow to 288 confirm its existence. The putative Asp-375-Glu substitution was therefore considered a PCR 289 or NGS artifact, and discarded from the analyses. run generated 20,700,536 250-nucleotide quality reads that could be 293 assigned to one of the 96 populations investigated. The number of quality reads assigned to one 294 population ranged from 147,116 to 274,998, with an average value of 215,631. Each population 295 was analysed as one pool of 50 individual plants, each carrying two ALS gene copies. Thus, in one pool yielded 300 amplicons. The average expected sequencing depth was 297 therefore of 719× for each of the 300 amplicons per pool. 298 The lowest number of reads covering one codon in one population was 15,253 (codons 299 571 to 654, not shown). This allowed an expected sequencing depth of 152× for each of these 300 five codons in each individual plant in the corresponding pool, which was more than sufficient 301 for mutation detection. 302 With the 0.9% threshold for mutation detection, non-synonymous nucleotide 303 substitutions in codons crucial for herbicide sensitivity were identified as expected in the 304 control populations. The only exception was control population C, where a G-to-T transversion 305 at the second nucleotide in codon 574 causing a tryptophan-to-leucine amino-acid substitution 306

  the mutations detected by NGS-based analysis of populations from both 318 species as pools of 50 plants were checked by selecting pools with contrasted frequencies of 319 mutations and analysing each plant in each of these pool individually using a double-blind 320 procedure. In groundsel, the frequencies of the mutations detected at each ALS homeolog in 33 checked by genotyping each plant in each population individually using 322 ALS1-and ALS2-specific dCAPS assays targeting codon 197. dCAPS assays did not 323 discriminate among different mutations occurring at one same codon. 15 Thus, the frequencies 324 estimated by NGS of all mutations identified at codon 197 in each homeolog were cumulated 325 for comparison to the dCAPS results. Similarly, in ragweed, the frequencies of mutations 326 detected in 16 field populations by NGS analysis were checked by Sanger sequencing of the 327 full ALS sequence of each plant in each pool. The frequencies of mutations identified by 328 Illumina sequencing of plant pools and by individual plant analysis in field populations as well 329

  330 34 groundsel populations (33 field populations and one control population) and the for the 25 331 ragweed populations (16 field populations and nine control populations) considered, the 332 frequency of each mutation detected by NGS analysis of one bulk of 50 plants was very strongly 333 correlated to the frequency determined by individual plant analysis (Figure 23; Pearson's 334 correlation coefficients values of 0.996 [P-value < 10 -6 ] and 0.979 [P-value < 10 -6 ] for groundsel 335 and ragweed data, respectively). No false positives were identified, i.e., detection of mutation(s) 336 in one population by NGS analysis of the corresponding plant pool was always confirmed by 337 individual plant sequencing or genotyping. However, NGS-based analysis did not detect 338 mutations in two groundsel populations and one ragweed population where mutations were 339

  in two groundsel and one ragweed population (false negatives, Tables

  399 by using a proofreading Taq polymerase in the PCRs preceding NGS, which would allow 400 lowering the mutation detection threshold, and/or by slightly decreasing the number of plants 401 per pool (e.g., 40 plants per pool, which would yield a minimum expected mutation frequency 402 of 1.25% on a given gene or homeolog in the pool). Considering the tremendous sequencing 403 depth achieved in this study for every ALS amplicon sequenced, analysis of two pools of 40 404 plants per population investigated rather than a single pool of 50 plants could be performed for 405 96 populations in one single Illumina run with a codon coverage adequate for mutation 406 detection. This way, reducing the number of plants per pool could largely be compensated analysis of plant pools detected and quantified resistance-endowing mutations in 411 9,600 individual plants clustered into 192 pools. This approach did not allow to determine the 412 genotypes of the individual plants constituting the pool. This could be considered a drawback 413 in the case of recessive resistances, where differentiating between homozygous and 414 heterozygous mutants may be of some relevance. However, for resistance management in the 415 field, the vital information is rather the detection of mutation(s) involved in pesticide resistance 416 in one pest population. Such mutations are an unambiguous indicator that resistance is arising, 417 and that steps are to be taken to delay its onset. 418 Herein, we targeted 15 codons in one ALS gene in 96 batches of 50 plants (ragweed) 419 and in two ALS homeologs in 96 other batches of 50 plants (groundsel), which surpasses all 420

  control population (artificial population consisting of 50 mutant and non-mutant plants which ALS had been sequenced beforehand, chosen 583 so that the controls contained known frequencies of ALS mutations); F, population collected in the field.

584 3 c

 3 The mutations identified are indicated with their frequency between parentheses.

585 4 d

 4 Number of kilo-reads (i.e., thousands of reads) covering the codons in the interval mentioned (e.g., 121-205: ALS codons 121 to 205). Paired 586 reads were not joined.
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  number following the mutation refers to the ALS homeolog (1, ALS1; 2, ALS2).
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Table 1 .

 1 Groundsel populations used for validation of Illumina-based detection of resistance using dCAPS genotyping.

	ALS1

d Populations with plants containing a double mutation causing a Pro-197-Asn substitution at ALS2. These populations were also subjected to 579 Sanger sequencing of individual plants. Page 27 of 67 http://mc.manuscriptcentral.com/pm-wiley Pest Management Science F o r P e e r R e v i e w 28

Table 2 .

 2 Ragweed populations used for validation of Illumina-based detection of resistance using Sanger sequencing.

	ALS
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Table 4 .

 4 Combinations of mutations detected in the 96 groundsel field populations analysed.

	Mutation(s) a

Table 3

 3 

		). Thus, analysis yielded the frequencies of single-nucleotide substitutions in every pool
	220	of 50 plants analysed.

221

The threshold for the detection of mutations was set to 0.9% considering the minimum 222 expected frequency of mutations in a pool of 50 plants of 1% (i.e., one mutation on one ALS 234 the 50 plants in each of the populations used to check NGS results, except the control 235 populations that had been characterised beforehand. 236 In groundsel, mutations conferring resistance to ALS inhibitors were previously

based detection and quantification of the frequency of mutations in groundsel

  

	272	investigated. In total, eight substitutions occurring exclusively at the first two nucleotides in
	273	codon 197 in ALS1 (three substitutions) and/or ALS2 (five substitutions) were identified, with
	274	up to four different substitutions detected in one same population (Table 4). The frequencies of
	275	the substitutions assessed by the pipe-line ranged from 1.0% to 99.8% (ALS1) and from 0.9%
	276	to 99.7% (ALS2). In six populations, C-to-A transversions at the first and at the second
	277	nucleotide in ALS2 codon 197 were always detected in matching frequencies, suggesting the
	278	occurrence of one double-substitution at codon 197 in ALS2 that would cause a proline-to-
	254 279	ALS asparagine amino-acid substitution. This was confirmed by Sanger sequencing of the individual
	255 280	The groundsel MiSeq run generated 18,084,459 250-nucleotide quality reads that could be F
	256	assigned to one of the 96 populations investigated. The number of quality reads assigned to one o r
	257	population ranged from 35,366 to 498,841, with an average value of 188,380. Each population P
		e e r
	262 263 264	R e v yielded 600 amplicons. The average expected sequencing depth was therefore of 314× for each of the 600 amplicons per pool. The pipe-line assigned the reads to ALS1 or ALS2 on the basis of the homeolog-specific i e w
	265	nucleotide(s) present in all amplicons. The lowest number of reads covering one codon in one
	266	population was 735 (ALS1 codons 571 to 654 in population BZ-67, Table 1), which allowed
	267	an expected sequencing depth of 7.3× for each of these three codons in each individual plant in
	268	the pool. This was deemed sufficient for mutation detection.
	269	With the 0.9% threshold for mutation detection, non-synonymous nucleotide
		12

258

was analysed as one pool of 50 individual plants, each carrying two copies of two ALS 259 homeologs. Three categories of amplicons were generated per ALS homeolog (amplicons 1, 2 260 and 3, Table

1

). As each plant carried two copies of each of two ALS homeologs, one plant 261 yielded four amplicons in each category, i.e., 12 amplicons. Thus, the 50 plants in one pool 270 substitutions were identified at two codons crucial for herbicide sensitivity. Substitutions were 271 identified at codon 197 in the control population and in 45 of the 95 field populations

Table 1 .

 1 As it is described here, our NGS-based method only targets mutations at specific codons in the 447 ALS gene. However, the scope of the method can be extended. First, any ALS nucleotide 448 present in the amplicons sequenced can very easily be added to the list of positions to be Groundsel populations used for validation of Illumina-based detection of resistance using dCAPS genotyping.

	This merely
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well be the possibility to obtain massive numbers of samples from the field. This issue could 483 be overcome by pooling populations of different pests and weed species in shared NGS runs. Page 59 of 67 http://mc.manuscriptcentral.com/pm-wiley http://mc.manuscriptcentral.com/pm-wiley 574 2 b C, control population (artificial population consisting of 50 mutant and non-mutant plants which ALS had been sequenced beforehand, chosen 575 so that the controls contained known frequencies of ALS mutations); F, population collected in the field.

576 3 c Number of kilo-reads (i.e., thousands of reads) covering the codons in the interval mentioned (e.g., 121-205: ALS codons 121 to 205). Paired Page 62 of 67 http://mc.manuscriptcentral.com/pm-wiley

Table 2 .

 2 Ragweed populations used for validation of Illumina-based detection of resistance using Sanger sequencing.

	ALS

http://mc.manuscriptcentral.com/pm-wiley

Table 3 .

 3 PCR primers. Arabidopsis thaliana ALS sequence (Genbank/EMBL accession X51514). Codons in bold have been implicated in herbicide 591 resistance in the field.17 Other codons have been implicated in herbicide resistance in artificial selection experiments.18 

	Species Groundsel ALSEN8F Code ALSEN9R Groundsel ALSEN4F ALSEN8R Groundsel ALSEN7F ALSEN7R Ragweed ALAMB9F ALAMB10R TGTTTAGTAATGGAACGTGTTACCTC 720-695 Sequence (3'-5') Target a CTTTGGAACGTGAAGGTGTCACC 42-64 ATTATGTTTAGTAATCGAGCGCG 391-369 CTTCAAATGCTTGGAATGCATGG 761-783 TGCTCATCTAATTCCTTCCTCCAAG 1065-1041 TGAATAATCAGCATTTGGGTATGGTG 1413-1438 CCATCACCTTCAGTAATCACGTC 1722-1700 CTTTGGAACGTGAAGGCGTAACCG 375-398 Ragweed ALAMB10F TTGCATATGCTTGGGATGCATGG 1094-1116 ALAMB4R CAAAATCTCGTTAAGCCCCTGTAAC 1336-1312 Ragweed ALAMB11F TAACAATCAGCATTTGGGTATGGTGG 1747-1772 ALAMB2R CATTCAAAACCGACAAACTGCTTAC >2121-2104 a Nucleotides in GenBank/EMBL accession KR024410 or KR024411 (groundsel ALS1 or ALS2 partial sequences, respectively) or in accession Expected amplicon size ALS codons of interest encompassed b 350 bp (Amplicon 1) Gly121, Ala122, Met124, Val196, Pro197, Arg199, Ala205 306 bp (Amplicon 2) Asp375, Asp376, Arg377 310 bp (Amplicon 3) Val571, Trp574, Phe578, Ala653, Gly654 346 bp Amplicon 1) Gly121, Ala122, Met124, Val196, Pro197, Arg199, Ala205 243 bp (Amplicon 2) Asp375, Asp376, Arg377 383 bp (Amplicon 3) Val571, Trp574, Phe578, Ala653, Gly654 KX870184 (ragweed full ALS sequence). b Numbered after Page 65 of 67 588 589 590 Pest Management Science
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Table 4 .

 4 Combinations of mutations detected in the 96 groundsel field populations analysed.

	Mutation(s) 1a
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