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Abstract

Meiotic recombination is a fundamental biological process that impacts genetic diversity and
response of variantsto selection. The increase in crossover (CO) frequency by modulating the
activity of meiotic genes has been suggested as potential means to improve the efficiency of
selection and mitigate the negative impact of linkage drag in crop improvement programs. In this
study, we used the wheat nested association mapping (NAM) population to map QTL associated
with CO rate and harboring TaTOPII-Al, a gene encoding topoisomerase |l that isinvolved in
the regulation of meiosis. An amino acid changing SNP (T/C) located in exon 19 of TaTOPII-Al
with a predicted functional effect showed an association with CO rate. The T-allele of TaTOPII-
Al was associated with a gtatistically significant 5.9 % increase in COs across several NAM
families. Theinvolvement of TaTOPII-Al in processes affecting CO rate in wheat was
confirmed using a TaTOPII-Al mutant. A strong-effect missense mutation in the TaTOPII-Al
coding region resulted in 1.4-fold increase in the genetic map length and 53% increase in CO
rate compared to the wild-type allele. These results demonstrate that functional mutationsin
TaTOPII-Al can lead to increased CO frequency. The mutant and natural alleles of TaTOPII-Al
identified in our study could serve as new sources of recombination-promoting genes to

manipulate CO rate in wheat and possibly other crops.


https://doi.org/10.1101/2023.07.06.548017
http://creativecommons.org/licenses/by/4.0/

40

41

42

43

45

46

47

48

49

50

51

52

53

54

55

56

57

58

59

60

61

bioRxiv preprint doi: https://doi.org/10.1101/2023.07.06.548017; this version posted July 7, 2023. The copyright holder for this preprint (which

was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY 4.0 International license.

Introduction

Meiotic crossovers (COs) lead to the exchange of genetic information between parental
chromosomes and new combination of allelic variantsin progeny. Distribution of COs along
chromosomes is skewed towards the ends of chromosomes. The prevalence of COsin the distal
chromosomal regionsis especially prominent for the large genomes of major crops, including
barley and wheat™2. This CO patterning complicates selection of beneficial alelesin crop
breeding and reduces the resolution of genetic mapping in these regions. Understanding
mechanisms driving CO distribution and frequency will be critical for developing strategies to
control meiotic recombination and improving the efficiency of breeding approaches when

additional rounds of recombination are required to break linkage blocks.

Meiotic recombination involves the formation of double strand breaks (DSBs), which are
repaired as crossovers (CO) or non-crossovers (NCOs), with only limited number of DSBs
resulting CO >. The CO events are defined by the concerted action of two pathways, inference
sensitive pathway dependent on a group of ZMM proteins (class | COs) and interference
insensitive MUS81 pathway (class |1 COs)®. In class | COs, which account for up to 85% of all
COs, the occurrence of a COs result in suppression of COs in close proximity, with
interreference declining with increase in the distance between COs. The functional screens
uncovered arole for various classes of genes in the meiotic recombination process and helped to
identify those that negatively impact CO rate “°. Mutations in these anti-crossover genes (e.g.
RECQ4, FANCM,) were shown to result in increased CO frequency ’. For example, loss-of-
function mutations in RECQ4 or FANCM have resulted in 2-fold increase in CO rate in pea and

rice”. In barley, amutation in HYRECQL4 gene also led to 2-fold increase in COs®. A significant
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but less dramatic 31% increase in CO rate was overserved in the double and triple mutants of
FANCM in tetraploid and hexaploid wheat, respectively °.

In yeast, topoisomerase |1 (TOPII) regulates the distribution and frequency of COs, with
the reduction of TOP |1 activity being associated with an increased CO rate™. Contrary to these
trends, the patterns of CO distribution and their count in the top 11 mutants of Arabidopsis were
not significantly different from wild-type genotypes ', suggesting that the role of TOPII in CO
formation in plants and yeast could differ. However, the genetic mapping of meiotic genesin
wheat points to a possible association between TOPII and natural variation in CO count *2. Using
a nested-association mapping population, atotal of 27 QTL regions associated with CO number
variation were detected in wheat™?, with one QTL on chromosome 6A overlapping with the
TOPII gene homolog (henceforth, TaTOPII-Al). Here, wheat NAM population data, deep exome
re-sequencing of NAM founders and EM S mutagenesis of TaTOPII-Al gene were combined to
investigate the relationship between variation in the coding sequence of TaTOPII-Al and CO
rate. Our results show that natural variation in TaTOPII-Al correlates with the total number of
COsin wheat in multiple genetic backgrounds. M utagenesis confirms the involvement of
TaTOPII-Al in defining CO number and suggests that both natural and mutant variants of

TaTOPII-Al can be used for manipulating CO frequency in wheat.

Results
Natural Variation in the TaTOPII-Al gene in hexaploid wheat

Previoudly, 27 unique QTL regions were identified across 28 families comprising the
spring wheat NAM population that affect natural variation in CO incidence'?. A QTL detected

on chromosome 6A in the NAM18 family, spanned the region containing the phylogenetically
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85 consaved wheat homolog of topoisomerase Il (TaTOPII-Al; gene  modéd
86 TraesCS6A02G268600). The TaTOPII-Al gene has homoeologous copies on chromosomes 6B
87 (TraesCS6B02G295700) and 6D (TraesCS6D02G246300), and 5 paralogs in the A genome on
88 chromosomes 1A, 7A, 5A and 3A. No QTL associated with CO frequency in the NAM
89  population were detected in the syntenic regions of homoeologous chromosomes 6B and 6D*.
90 The TaTOPII-Al coding region includes natural variation (SNP C/T) at the wheat 90K array
91 marker IWB34510" between the common parental cultivar Berkut and line ClI 15144. This
92 missense SNP is located at position 1,241 within exon 19 and causes amino acid change from
93 prolineto leucine (P1241L), which is predicted to have a strong effect on protein function based

94  onthe SIFT score of 0.05%.

95 A single marker test within the NAM18 family found that progeny carrying the T-alele
96 averaged 2.9 more COs than the progeny carrying the C-allele (Figure 1a, Table 1; p-value =
97 0.041, t-test). This SNP also naturally segregates in three other NAM families, NAM19,
98 NAM20, and NAM24. Grouping RILs from the NAM24 and NAM20 families based on the
99  genotype of the IWB34510 marker showed a similar trend, with the T-allele RILs having 3.4
100 more COs in each family compared to RILs carrying the C-allele (Table 1; t-test p-values:
101 NAMZ24 = 0.049, NAM20 = 0.027). To gain more power, the family effects were removed and
102 theresiduals of the fitted model across all four families were compared. This analysis showed a
103 significant increase in the CO incidence (2.8 COs) in the group of RILs with the T-allele
104  compared to RILs with the C-allele (Figure 1b, Table 1; p-value = 9.8 x 10“, ANOVA). These
105 results suggest that natural variation at TaTOPII-AL correlates with the number of COs across

106  multiple genetic backgrounds.

107
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Table 1. Number of COsin RILsfrom four NAM families grouped based on the IWB34510
mar ker genotype.

Family T-alldleCOs'  C-alldleCOs'  p-value’ Additive Effect®
NAM18 49.5 46.6 0.041 1.45
NAM19 48.7 47.1 0.4 0.8
NAM20 475 44.1 0.027 1.7
NAM24 56.7 53.3 0.049 1.7
Overall* 1.24 -1.58 0.001 1.41

T Mean COsfor RILs carrying specified alele for IWB34510 marker

t p-value determined by t-test

8§ Additive effect size (TT-CC)/2

* CO residuals from ANOV A modedl fitting after removing family effect

a. * b. ok
b p— i p— LO - b e—
0 _ 1 1 ~— 1 —_
e} I I — I I
il s 1=
O _| c ]
gy ! - | :
1 — : o | : :
0 _ - A — o
T C T C
IWB34510 IWB34510

Figure 1. Relationship between the natural variation in the TaTOPII-Al gene and COsin the
NAM population. a) Family NAM 18 RILs compared at the IWB34510 marker, lines carrying the
T-alele (blue) average 2.9 COs more than lines carrying the C-allele (orange). b) Normalized
CO (nCO) number for all RILs segregating for the IWB34510 marker, RILs carrying T-allele
(blue) average 2.8 CO more than the RILs with C-allele (blue), * p-value < 0.05, ** p-value <
0.01. Normalized CO (nCO) rates represent the residual value of the individual mean after

subtracting the family effect.
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126
127  Epigtaticinteractionswith the natural variantsof TaTOPII-Al alleles

128 Thelack of a significant association between the IWB34510 marker and CO ratein the
129  NAM19 family suggests that an interaction with the genetic background could modulate the

130 IWB34510 marker effects. We tested for epistatic interactions between IWB34510 and 30

131  genetic markers associated with variation in CO count in the NAM population™. For each

132  segregation region, we selected most significant markers for CO count passing Bonferroni

133 corrected p-value threshold of 1.5 x 10°%. We detected four markers showing a significant

134  epigtatic interaction with IWB34510 (p-value < 0.01, ANOVA, Figure 2, Table 2,

135 Supplementary Tablel). The two markers that produce the largest epistatic effects on IWB34510
136  are presence-absence GBS tags that were identified using joint mapping across NAM

137  population®?. These two markers have opposite effects on the IWB34510 locus. The presence
138 variant at the SW_tag_256152 locus, enhances the effect of the T-allele by more than 3-fold,

139 (Fig. 2; Table 2; p-value = 0.0012). The absence variant at the SW_tag_ 177026 |locus suppresses
140 the T-allele effect by more than 2-fold (Table 2, p-value = 0.008). In addition to these two PAV
141  variants, two SNP markers from the 90K wheat array*® showed an evidence of interaction with
142  the TaTOPII-Al locus. The C1 allele of the IWB75092 marker increased the effect of T-allele
143 2.6 times, where C2 nearly abolished the effect of T-allele on CO count (p-value = 0.001).

144  Likewise, in the presence of the C1 allele at marker locus IWB12235, the effect of T-allele was
145  enhanced 1.5 times (p-value = 0.01). Of these four interactions, the regions affecting TaTOPI |-
146 Al locus were located on chromosomes 2B, 3B, and 6A. The magnitude of these interaction

147  effects suggests that genetic background is capable of both enhancing and suppressing the effect

148 of the TaTOPII-Al locus on CO rate.
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Figure 2. Epigatic interactions with the IWB34510 SNP site. Each panel represents a previously
identified QTL region for the total number of COs (TCO)™. For each comparison the normalized
CO (nCO) isrepresented by the T-allele (blue) and C-allele (orange) of IWB34510 in the
background of the epistatic marker. For the interacting presence/absence variants, presence (P)
and absence (A) areindicated on x-axis. Normalized CO (nCO) rates represent the residual value

of theindividual mean after subtracting the family effect.

Table 2. Epistatic I nteractionswith the IWB34510 SNP site

Marker Chr: Phenotypic Phenotypic Fold Enhancing p-
Type Pos enhanceme Suppressiont Change§ Allele value
ntt
SpringWheatNAM _tag  2B: 581 7.54 1.25 2.7 presence 0.001
256152 Mb
(GBSPAV)
SpringWheatNAM _tag  3B: 549 6.07 1.28 2.2 absence 0.008
177026 Mb
(GBSPAV)
IWB75092 6A: 606 5.73 0.46 2.0 Cl 0.001
(90K SNP) Mb
IWB12235 2B: 4.27 -0.15 15 Cl 0.01
(90K SNP) 18.2
Mb

t Difference in CO# in enhancing background for T allele (CO (1v1) —CO cy2); Y1>Y2
¥ Difference in CO# in suppressing background for T allele (CO (ry2 —CO cvy); Y2>Y1

8§ Fold change of enhancing effect with respect to T alele original effect size (2.8 CO)
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162
163 Effect of an EM S-induced mutation in TaTOPII-Al1 on CO ratein cv. Kronos

164 To test whether the observed relationship between natural variation in TaTOPII-Al and
165 COrateissmply correlated response or caused by mutation in the TaTOPII-Al coding

166  sequence, we utilized a mutant identified in the EM S population generated for tetraploid wheat
167  cv. Kronos™. EMS line 2306 carries a heterozygous nonsynonymous mutation A901T with the
168 predicted deleterious effect on protein function (SIFT score = 0.02). Using KASP marker

169  designed for this site, we identified two M4 generation mutants of cv. Kronos that were

170  heterozygous at the A901T mutation site. These plants were used to produce two Ms families
171  including 56 (family 1) and 51 (family 2) lines (Fig. 3a). The M5 plants from both families were
172  genotyped using the same KASP assay to assign lines into the heterozygous and homozygous
173  wild-type or mutant groups. Segregation ratios at the A90LT site followed the expected 1:2:1
174  ratioin both families (p-value = 0.62 family 1, p-value = 0.16 family2, y* test). Further,

175 homozygous wild-type and homozygous mutant plants from each family were genotyped using
176  the KASP assays developed for random set of 112 EM S mutations identified by whole exome
177  capture of M, generation plants™ (see Methods and Supplementary Table 2). Due to the low
178 density of EM S mutations still segregating in M4 generation plants, only a small fraction of

179  KASP markers were useful for counting COs. To increase marker density, the same set of M5
180 generation lines was genotyped using the GBS approach. Though GBS is not ideal method for
181  discovering EM S-induced mutations in the wheat genome, with the density of 2-3 mutations per
182 100 Kb, it was cost-effective option to improve marker coverage in our populations to better
183  assess CO rates. The genotyping data for informative KASP and GBS markers were merged and

184  analyzed to compare the genetic map lengths for wild-type and mutant groups. Considering the
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185 low-density of EM S mutations that could be discovered using these two methods of genotyping,
186  our analyses were focused on the subsets of chromosomes that had at least 5 markers mapped to
187 thereference genome. For family 1, 45 informative genetic markers were selected for

188 chromosomes 2B, 3B, and the short arms of chromosomes 6A and 6B (Supplementary Figure 1).
189  For each chromosomal comparison the map length estimated using data from mutant group was
190 longer than the map length based on wild-type dataset. On average, mutant map sizes were

191 increased 1.7-fold compared to wild-type chromosome sizes (Table 3). Similar results were
192 foundin family 2 for chromosomes 2A, 4A, 4B, 5A, and 7B, whose map lengths increased on
193 average by 1.3-fold compared to the wild-type maps (Supplementary Figure 2). No detectable
194  increasein the map length was found for chromosome 5B. Overall, summing genetic map

195 lengthsin both families, mutant TaTOPII-Al allele increased genetic map distance by 1.4-fold
196 compared to the map length in the wild-type population (Table 3).

197

Table 3. Crossover count and map lengthsin lines grouped based on
the genotype of the A901T sitein TaTOPII-Al

. Map Length (cM) Fold CO countt
Family Chromosome i _
Wildtype Mutant Changef wildtype  Mutant

2B 65.23 162.17 2.5 14 3
3B 131.92  194.08 15 3 3.8
1 6A (short arm) 20.38 59.9 2.9 04 0.8
6B (short arm) 55.6 57.8 1.0 14 1.8
Totals 27313 47395 1.7 6.2 95
2A 93.002 13121 14 1.6 35
4A 88.85 137.33 15 1.8 34
4B 146.3 164.58 11 29 3.6
2 5A 90.74 129.38 14 2.2 3.7
5B (long arm) 41.92 37.43 0.9 12 0.9
7B 59.83 64.69 1.1 14 1.7

Totals 520.66 664.73 13 111 16.8
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198 1 Fold change of mutant map size with respect to wildtype map size

199  fMean CO count for al individuals in each group (homozygous mutant or wildtype)

200
a. @ T5-2306-1 )
T5-2306-1 — © (topll-Al/topll-Al) £
. o oo
® (family 1) < T5-2306-1 5 g
Het. T4-2306 mutants % > (TOPII-A1/TOPII-A1) 283
£
(topll-A1/TOPII-A1) \ j 15-2306-2 S 3
—_—
® T5-2306-2 _— fa; (topll-Al/topll-Al) ég
(family 2) ~ & ~, _ T5-2306-2 S
O T (TOPI-AL/TOPI-AL)
b. * C. -
_ 0 _ -
- N !
=S . :
O _ J @)
: 3] —
F o = - [
_ : .
1= =10
! 1
- I © - !
Wit Mut Wit Mut
201 Family 1 Family 2
202

203  Figure 3. Effects of A9O1T mutation on CO rate in tetraploid whesat cultivar Kronos. a) A

204  scheme showing devel opment of populations for assessing the impact of TOPII-Al on COs. b)
205  Family 1 comparing homozygous mutant and wildtype progeny, resulted in average increase of
206 3.3 COin mutants across 3.5 chromosomes, * p-value < 0.02. ¢) Family 2 resulted in average
207  increase of 5.7 CO in mutants across 5.5 chromosomes, * p-value < 0.02.

208

209 In addition to map length comparison, we counted COs using the previously described
210  approach™, which isbased on counting the number of changes in the parental allele phases

211  across each chromosome for all individuals in a population. For family 1, the average CO count
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212 for the wild-type group was 6.2, compared to 9.5 COs for the mutant group. This represents a
213 satigtically significant 53% increase and an additive effect size of 1.7 COs (Figure 3b, p-value =
214  0.014 ANOVA). Family 2 aso revealed a significant difference between the groups with a mean
215 vaueof 11.1 COs for wild-type group and 16.8 COs for the mutant group, yielding an additive
216  effect size of 2.9 COs (Figure 3; p-value = 0.022 ANOVA). Overall, these effect sizes were

217 larger than those observed from the natural mutation in the NAM population. This could be due
218 tothe stronger phenotypic effect of EM S-induced A901T mutation than the naturally occurring
219  P1241L mutation found in the NAM population based on the SIFT prediction scores (0.02 vs
220  0.05).

221

222  Discussion

223 Our study shows that both natural and chemically induced alleles of TaTOPII-Al affect
224 thefrequency of meiotic COsin wheat. The phenotypic effect of EMS mutation in TaTOPII-Al
225  was higher than the effect of natural variant segregating in the NAM population, likely due to the
226  amino acid change with more severe predicted functional consequences on protein function,

227  based on SIFT score. The finding that variation in TOPII could affect CO frequency is consistent
228  with the results of aprevious study in yeast ° and demonstrates that the TOPI| function in wheat
229  and yeast is conserved. This observation is different from that in Arabidopsis™, where no

230 detectable differencesin CO rate were found between the mutant and wild-type variants of

231  TORPII. This could be associated with differences in the meiotic process in Arabidopsis and

232  wheat, which have different genome organization, ploidy levels, and more than 100-fold

233  differencein genome size. Similar species-specific effects of mutations in meiotic geneson CO

234  rate have been observed for anti-recombination genes RecQ4, FANCM and FIGL1*’. For
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235 example, mutation in FANCM had a significant impact on CO rate in rice and Arabidopsis,

236  increasing COs by 2- and 3-fold, respectively*'’. However, mutagenesis of FANCM in wheat
237  resulted in only modest 31% increasein CO rate’. Compared to fancm mutants of wheat”,

238  chemical mutagenesis of TaTOPII-Al gene copy resulted in a more substantial change (51%) in
239  COratein the permissive genetic backgrounds of the NAM population founders.

240

241 Previoudly, it was shown that CO rate correlates with SNP density and based on this

242  observation it was proposed that differences in the effects of mutationsin meiotic genes on COs
243 could be attributed to species-specific differencesin SNP density**. However, the levels of SNP

244 density in wheat and Arabidopsis are similar'®%

, suggesting that genetic diversity is unlikely
245  factor contributing to this phenomenon. The recently performed megabase-scale analysis of
246  recombination landscape in Arabidopsis supports this conclusion and shows that recombination
247  islargely shaped by the genomic distribution of chromatin features rather than by sequence
248  polymorphisms®. The low chromatin accessibility regions that are largely devoid of

249  recombination span most of the wheat genome®®2*, whereas in Arabidopsis the inaccessible
250 chromatin cover only small fraction of genome. Thus, it is possible that sensitivity of meiotic
251 genesto chromatin states might influence their impact on CO rate in species with distinct

252  genome organization.

253

254 The previous study reveal ed the complexity of genetic architecture for CO rate variation,
255  which isdefined by multiple loci, with the majority having moderate to small additive effects'.

256  Our current resultsindicate that the effects of natural variants of meiotic genes could be also

257 modulated by epistatic interactions with other meiotic QTL. It islikely that the genetic
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258  background-specific changes in the direction of meiotic QTL effects observed across the wheat
259  NAM population®? are caused by epistatic interactions similar to that demonstrated for TaTOPI |-
260 Al Currently, the effect of genetic background on CO rate in meiotic gene mutants across

261  various speciesis unknown. So far, only RecQ4 gene mutants consistently increased

262  recombination rate across several plant species with distinct genome organization and sizes,

263  including Arabidopsis, rice, tomato and barley*”®. Therefore, it is possible that interaction

264  between the TOPII and genetic background could also contribute to differencesin its effect on
265 CO rate between Arabidopsis and wheat.

266

267 Search for the combinations of meiotic gene mutants capable of increasing CO rate and
268  atering CO distribution in favor of pericentromeric chromosome regions is underway in multiple
269  crop species™”®. The natural and mutant variants of the TOPII gene reported here are a useful
270  addition to thelist of recombination promoting genes for manipulating COsin wheat and

271  possibly other crops. Our study also highlights the role of epistasis among meiotic genesin CO
272  ratevariation, suggesting that interaction with genetic background will need to be considered
273  while evaluating the phenotypic effects of meiotic gene variants. Thisimproved understanding of
274  the genetic architecture underlying CO rate variation opens up new possibilities for assembling a
275  favorable combination of natural and mutagenized meiotic gene variants to further increase CO
276 rate.

277

278
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279 Materialsand Methods

280

281 Natural variation in TaTOPII-Al

282 Originally, QTL affecting total CO and distal CO number was mapped to the region of
283  chromosome 6A containing the conserved wheat homolog of TOPII gene (TaTOPII-A1)*% The
284  whole exome capture and 90K iSelect markers data’™ obtained for the parental lines of NAM

285  population was mapped to the Chinese Spring genome® and used to identify sequence variation
286  within the TaTOPII-Al gene. One-way ANOV A and t-tests were used to test an association

287  between CO counts and SNP variation within TaTOPII-Al. The IWB34510 marker from the 90K
288  iSelect assay showed strongest association with CO ratein the NAM18 RIL family. Three

289  additional RIL families (NAM19, NAM20, NAM24) segregating at the IWB34510 site, were
290 tested for association using t-tests. To compare across families, CO phenotype of the RILs from
291  thefour NAM families (NAM18, NAM 19, NAM20, and NAM 24) were normalized by removing
292  thefamily effect. Normalized CO (nCO) rates represent the residual value of the individual mean
293  after subtracting the family effect. nCOs were compared across families using one-way ANOV A
294  to assess the effect of the IWB34510 alleles on nCO rates.

295

296 Epigtaticinteraction analysis

297 For each unique QTL identified in the NAM population, the marker with the highest

298 LOD score was selected to run against IWB34510 locusin pairwise epistatic analysis. In

299  addition, the markers previoudly identified using the stepwise regression (SR) or joint composite
300 interval mapping (JCIM) methods™ were also included into the analysis of epistasis

301 (Supplementary Table 1). In total, we tested 30 markers using atwo-way ANOV A model nCO ~
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302 IWB34510 + m2 + IWB34510 *m2 + [1, where m2 corresponds to the allelic states of one of the
303 30 QTL markers, nCO to the normalized CO values after removing the family effect, and (1 is
304 error. The epistatic effects were considered significant if IWB34510 *m2 interaction term had p-
305 value<0.05.

306

307 EMS mutant of tetraploid wheat

308 A tetraploid wheat EM S-mutagenized population developed for cv. Kronos™, was

309 screened to identify TaTOPII-Al mutants. Based on the analysis EM S mutation effects on gene
310 function annotated using exome capture data, we identified TILLING mutant line T4-2306,

311  which carries a non-synonymous mutation A901T in the TOPII gene. The M4 seeds of line T4-
312 2306 were grown under standard greenhouse conditions to maturity. The DNA extracted from
313 My plants was genotyped using KASP marker devel oped by LGC Genomics for the IWB34510
314  marker to identify lines that were heterozygous for mutation. Two M4 plants were selected to
315 develop Ms populations, which were genotyped for estimating CO rates. Leaf tissue from My
316 and M5 plants were sampled at the two-leaf stage, and flash frozen at -80°C. DNA was extracted
317 using DNeasy 96 (Qiagen) kit. The resulting DNA was quantified usng Picogreen (Life

318 Technologies) and normalized to 20 ng/ul for GBS and adjusted to 50 ng/ul for KASP

319 genotyping.

320

321 KASP assays

322 To develop KASP assays, heterozygous mutation sites across entire genome were

323  extracted for line T4-2306 using exome capture data generated for Kronos mutant popul ation™.

324  Genome-specific KASP assays were designed to these mutant sites. Primers were synthesized by
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325 IDT, including adding aHEX and FAM sequenceto the 5’ -end of each wild-type and mutant
326  primer pair, respectively. Parental and progeny DNA were genotyped to identify segregating
327  variants within each family. A total of 112 KASP markers (Supplementary Table 2) were tested
328  across 6 chromosomes for segregation in the two Ms families. In total, we detected 15 functional
329 KASP markers segregating in family 1 and 21 functional KASP markers segregating in family 2.
330 The sequences of segregating KASP primers were mapped to the wild emmer reference genome
331  WEW v.2% in order to get aphysical position to facilitate genetic map construction. To increase
332 thedensity of SNP marker data, we used GBS approach for genotyping two Ms families.

333

334  Sequence-based genotyping using the GBS approach

335 GBS was performed on two groups of lines that were selected from the Ms generation
336 familiesto be homozygous for the wild-type and mutant alleles at the A901T sitein the

337 TaTOPII-Al gene. DNA from each of the 51 selected lines were barcoded and multiplexed in a
338 single GBSlibrary created using the Pstl and Msel restriction enzymes?’. To reduce library

339 complexity, the genomic library was size-selected with Pippin Prep (Sage Scientific) in the 1.5%
340 gd to retain fragments approximately 300 bp-long, implementing tight size range (261-339 bp).
341 Two separate runs on Illumina NextSeq instrument were performed at Kansas State

342  University Integrated Genomics Facility, generating 881,071,133 reads. Raw sequencing reads
343  waere processed using lHlluminafastQC pipeline, resulting in 846,934,516 high quality reads.

344  Quality processed reads were barcode separated using in-house GBS pipeline®’, resulting in

345 nearly 704 million reads and producing nearly 13.8 million reads per individual line. The reads
346  werealigned to the wild emmer reference genome WEW v.2%. The alignments were processed

347  using the Samtools and Picard tools to retain only uniquely mapped alignments. The GATK
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348  unified genotyper® was used to call variant sitesin the alignments. The raw variant calls were
349 filtered using a conservative criteriato produce high-quality genotype calls for the Ms generation
350 lines: 1) only those sites were retained that were homozygous in Kronos DNA sample (wild-

351 type) and heterozygous in the two M4 mutant parents DNA sample; 2) the wild-type and mutant
352 dleesin the Ms population should follow 1:2:1 segregation ratio; 3) aread depth coverage was
353 filtered to have >4 reads; 4) only canonical EM S mutation sites (C->T, G->A) were retained; 5)
354 retained sites must have a genotype calls present in >80% of Ms generation lines. This stringent
355 filtering retained 50 sitesin family 1, and 109 sitesin family 2.

356

357  Genetic map construction

358 The genotyping data generated using the GBS pipeline and KA SP assays were combined
359  andinput into the ICIM QTL mapping software to construct linkage maps®. Dueto all

360 informative markers being in the heterozygous state in M4 generation plants, the Ms progeny
361 genotyping datais expected to segregate as in F, population. Therefore, population type was

362 gpecified asF, inthe ICIM software. Linkage groups and maps were generated using anchor

363 information that was extracted from the physical position of marker in the wild emmer reference
364 genome™. Generated maps were rippled using the sum of adjacent distances and final map sizes
365 and plots arereported in cM units (Supplementary Figures 1 and 2). Comparisons of map lengths
366  were made between the wild-type (TOPII-AL/TOPII-Al) progeny and mutant (topll-Al/topll-Al)
367  progeny for all chromosomes that have at least 5 markers randomly spaced along chromosome or
368 chromosome arm. Thisresulted in testing 45 markers on 4 chromosomesin family 1 (2B, 3B,
369 short arms of 6A and 6B), and 103 markers on 6 chromosomes in family 2 (2A, 4A, 4B, 5A, 7B,

370 long arm of 5B).
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371

372  CO counting

373 A custom Perl script was written to count the number of COs based on allele phase

374  change from homozygous to heterozygous along each chromosome for the same chromosomes
375 usedin ICIM mapping that generated the genetic maps™. Results were grouped and distributions
376  were compared between homozygous wildtype TOPII-Al allele and homozygous mutant topl |-
377 Aladldeusingt-test and ANOVA. Allelic additive effects of the mutation were identified as the
378 differencein observed CO number for mutant compared to the wildtype divided by two, [(Hom
379 MUT —Hom WT)/2], and are also reported as percentage change with respect to the wild-type
380 CO number.
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