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24 ABSTRACT

25 Sequence elimination is one of main reasons for homologous chromosome
26  differentiation in common wheat. Sequence elimination can occur in genome-specific
27  sequences, chromosome-specific sequences, and repeat sequences in the wheat
28  genome. Genetic polymorphism loci in chromosome-specific sequences can be used
29  to develop molecular markers including simple sequence repeats (SSRS), insertions
30 and deletions, and single nucleotide polymorphisms (SNPs). Pubing3504 is a
31 wheat-Agropyron cristatum (L.) Gaertn introgression line, and Jing4839 is a common
32 wheat cultivar. Assessment of their recombinant inbred line (RIL) population using
33 120 pairs of SSR markers covering all wheat chromosomes indicated that sequence
34  elimination occurred at the short arm of chromosome 1A (1AS). We developed 13
35  pairs of new co-dominant SSR markers and constructed a genetic linkage map of 1AS;
36  we found that the segment with sequence elimination is from SSR110 to the end of
37  1AS. We further developed 10 pairs of dominant SNP markers of Pubing3504, 10
38  pairs of dominant SNP markers of Jing4839, and 10 pairs of primers designed in SNP
39  flanking sequences to assess RILs. We found that all chromosome segments with
40  sequence elimination came from Jing4839. The sequence elimination occurred in SSR
41 loci, SNP loci, and coding sequences. There was no homologous recombination in the
42  chromosome segment with sequence elimination. We suggest that sequence
43  elimination causes the differentiation of chromosomes and the chromosome
44  differentiation affects the homologous pairing at the chromosome segment in meiosis,

45  which further affects the occurrence of homologous recombination at the chromosome


https://doi.org/10.1101/067504
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/067504; this version posted August 3, 2016. 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not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity.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-NC-ND 4.0 International license.

46 segment.
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48 INTRODUCTION

49 Allopolyploidization is one of the main forces driving the evolution of plant
50 genomes, inducing structure—function and modification differentiation in plant
51 genomes (Wendel 2000; Feldman and Levy 2005; Otto 2007; Leitch and Leitch 2008).
52  This differentiation is known as "genome shock™ (McClintock 1993). "Genome
53 shock™ widely exists in natural and artificial interspecific hybridization.
54  Allopolyploidization brings rapid changes in the genome of hybrid offspring (Comai
55  2000; Chen 2007). These genome changes include chromosomal rearrangements,
56  chromatin remodeling, gene expression alteration, DNA methylation, histone
57  maodification, and reactivation of transposable elements (Kashkush et al. 2003; Pontes
58 et al. 2003; Pontes et al. 2004; Adams and Wendel 2005; Gaeta et al. 2007; Ha et al.
59 2009).

60 Common wheat (Triticum aestivum) is an allohexaploid with genome
61 composition AABBDD, which has experienced at least two interspecific
62  hybridizations in the process of its evolution. The genetic polymorphism of the wheat
63  genome not only comes from the accumulation of random mutations, but the changes
64  also largely come from allopolyploidization (Feldman and Levy 2005; Feldman and
65 Levy 2012). During the evolution of common wheat, the low-copy sequences (Liu et
66 al. 1998a) and the repeated sequences (Salina et al. 2004; Han et al. 2005) in the
67 genome have been eliminated in large scale. Sequence elimination is not a random
68 event, and the elimination of coding and non-coding sequences results in the

69  generation of the chromosome differentiation and new genetic diversity in the wheat
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70 genome. Furthermore, these eliminated sequences are within the recognition site of
71 homologous chromosome pairing in meiosis (Feldman et al. 1997). In the process of
72 allopolyploidization, sequence elimination is usually accompanied by wide changes in
73 epigenetic modification and gene expression (Shaked et al. 2001; Kashkush et al.
74 2002; Kashkush et al. 2003; Levy and Feldman 2004; Feldman and Levy 2005;
75  Feldman and Levy 2009).

76 Genomic and transcriptional changes after allopolyploidization exhibit genome
77 preference (Ozkan et al. 2001; Ma et al. 2004). In hybrid progeny between Aegilops
78  sharonensis (S'S'") and Aegilops umbellulata (S'SY), 14% of the Ae. sharonensis
79  genome sequence was eliminated, but only 0.5% of the Ae. umbellulata genome
80  sequence was eliminated. In hybrid progeny between Ae. sharonensis and Triticum
81  monococcum, the eliminated sequence in the T. monococcum genome was twice as
82 large as that of Ae. Sharonensis (Shaked et al. 2001). Analysis of genome-wide
83 transcription of the hybridization progeny and the parents revealed that the patterns of
84  gene expression in synthetic hexaploid wheat are homoeolog specific, non-additive,
85 and parentally dominant (Akhunov et al. 2010; Chaguéet al. 2010; Qi et al. 2012). In
86 allohexaploid wheat, morphology and environmental adaptability are usually
87  controlled by only one genome among the A, B, and D genomes (Peng et al. 2003;
88 Nalam et al. 2006; Feldman and Levy 2012). However, the mechanism of its
89  establishment and maintenance is still not clear.

90 Agropyron cristatum L. Gaertn is one of the main plant species of Triticeae. Its

91  chromosome composition is seven as the base number, and the chromosomes are
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92 diploid and tetraploid (Dong 1993). Our laboratory successfully completed the
93  hybridization between tetraploid A. cristatum and common wheat, and subsequently, a
94  large number of introgression lines were created (Wang et al. 2011; Dan et al. 2012;
95 Lu et al. 2015). The chromosome number of these materials is consistent with
96 common wheat, but their alien genetic component cannot be effectively detected by
97  cytology or the molecular marker method. For this reason, we know little about the
98  changes in the genomes of these introgression lines. However, it is clear that these
99 introgression lines have undergone more allopolyploidization than has common wheat.
100 In addition, many of these introgression lines show excellent breeding traits including
101 multiple grains and extensive resistance to wheat diseases and insect pests. Some
102 materials have been used in breeding and gene mapping.

103 Pubing3504 is one of the wheat-Agropyron cristatum (L.) Gaertn introgression
104  lines, and a recombinant inbred line (RIL) population was established by the
105  hybridization of Jing4839 (a common wheat) and Pubing3504. The sequence
106  elimination at the short arm of chromosome 1A (1AS) was found from the RIL
107  population. In this study, we developed a series of molecular markers for the
108  elimination of chromosome segments used chromosome-specific sequences to
109 determine the range and the origin of the chromosome segment with sequence
110  elimination. In addition, we further studied the effect of sequence elimination on the
111 coding sequence and homologous recombination.

112 MATERIALS AND METHODS

113  Plant materials
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114 The wheat-Agropyron cristatum (L.) Gaertn introgression line Pubing3504,
115  common wheat cultivar Jing4839, and their RIL population (F8) including 336 lines
116  were used for this study.

117  Development of molecular markers

118 We developed new simple sequence repeat (SSR) markers in 1AS. The diploid
119  wild einkorn wheat (Triticum urartu) is the progenitor species of the A genome. Its
120  scaffold sequence bin mapping in 1AS was used in this study to develop SSR markers
121 (Ling et al. 2013). A high-density genetic linkage map was constructed using the
122 wheat 90K chip (Wang et al. 2014). We further obtained a scaffold sequence using the
123 chip-probe sequence in the 1AS blast scaffold sequence of T. urartu. The screening
124  standard was identities higher than 95%. The Perl script of S. Cartinhour (Temnykh et
125  al. 2000) was used to search for SSRs in the scaffold sequence, and SSR sites with
126  repeats of >10 were used to design SSR markers.

127 We developed new single nucleotide polymorphism (SNP) markers in 1AS using
128  the allele-specific PCR (AS-PCR) technique (Wangkumhang et al. 2007). Two
129  methods were used to obtain SNP sites between the parents; the first method was
130 wheat 90K chip detection, and the second was RNA sequencing described in
131  transcriptome analysis. The chromosomal locus information of the chip-SNP was
132 derived from the reference genetic map of the 90K chip. The flanking sequence
133 information of the chip-SNP was obtained using the probe sequence of the 90K chip
134  blast scaffold sequence of T. urartu. The screening standard was identity values

135  higher than 95%. The chromosomal loci and sequence information of
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136  RNA-sequencing SNP were derived from transcriptome analysis. Primer3 was used
137  for primer design (Koressaar and Remm 2007).

138 Whole-genome sequencing was completed for China Spring (CS), a common
139  wheat cultivar (Mayer et al. 2014). The cDNA sequence, scaffold sequence, and
140 ensemble sequence (http://plants.ensembl.org/Triticum_aestivum/Info/Index) of CS
141 were used in this study. The positions of markers in ensemble chromosome 1A were
142  obtained by marker sequence as query to blast ensemble chromosome 1A sequence.
143 Detection of molecular markers and construction of the genetic map

144 Genomic DNA was extracted from young leaves of all plant materials (Allen et
145  al. 2006). We used 120 polymorphic SSR markers published in GrainGenes 2.0
146  (http://wheat.pw.usda.gov/GG2/index.shtml) to genotype the RIL population. PCR
147  amplification was performed in reactions (10 uL final volume) containing 60 ng
148  template DNA, 1 U Taqg polymerase, 1x PCR buffer, 200 umol/L dNTP, and 0.25
149 umol/L of primers. DNA was amplified for 5 min at 94< then 35 cycles of 60 s at 94<
150 60 s at 50-65< and 60 s at 72< and 10 min at 72<for a final extension. The PCR
151  products were separated on 8% polyacrylamide denaturing gels (Acr:Bis = 19:1) and
152 visualized with silver staining. All marker data were scored by visual inspection, and
153  ambiguous bands were not scored. The genetic map was constructed using QTL
154  IciMapping software (Meng et al. 2015).

155  Transcriptome analysis

156 The scaffold sequence of 1AS was used as the reference in this study. Young

157  leaves of two parents and a sequence elimination line from the RILs were used for
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158  transcriptome sequencing. Reads of the two parents were mapped to the reference
159  sequence using bwa (Li and Durbin 2009). SAMtools and BCFtools were used for
160  SNP calling (Li et al. 2009; Li 2011). We further obtained SNPs between Pubing3504
161  and Jing4839 through the comparison of the parental SNP calling results. Flanking
162 sequences (60 bp) of these SNPs were used to blat (Kent 2002) reads of the sequence
163  elimination line. The SNPs that did not appear in reads of the sequence elimination
164  line were used to develop SNP markers.

165 RESULTS

166  Detection of sequence elimination using co-dominant SSR markers

167 To map the breeding traits of Pubing3504, we assessed 336 RIL lines
168  constructed from the hybrid combination between Pubing3504 and Jing4839. We
169  obtained 120 pairs of polymorphic markers covering the 21 pairs of wheat
170  chromosomes using parental genomic DNA to screen SSR markers published at the
171 GrainGenes website. All 120 pairs of polymorphic markers were used to genotype the
172 RIL population. In the RIL population, the normal segregation ratio of the parental
173 genotypes is 1:1. In the genotype result, however, some markers exhibited abnormal
174  separation; the number of lines that had the Pubing3504 genotype was significantly
175  higher than that of lines that had the Jing4839 genotype, and the number of lines that
176  had missing genotype was higher than normal. These abnormally separated markers
177  were Xwmc24, Xpsp2999, Xbarc263, Xcwm75, and Xcfa2153, all located in 1AS
178  (Table 1).

179 We carried out further research on 1AS. We first developed 13 pairs of new SSR

10
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180  markers located on 1AS (Table 2). Of these, nine pairs of markers (SSR11, SSR26,
181  SSR110, SSR113, SSR114, SSR115, SSR122, SSR144, and SSR365) could be used to
182  detect the sequence elimination. SSR markers are co-dominant, and polyacrylamide
183  gel electrophoresis (PAGE) can be used to distinguish different genotypes due to
184  molecular weight differences. In this study, SSR markers were able to detect the two
185  parental genotypes and sequence elimination. The results with SSR11 are shown in
186  Figure 1A as an example. A 1AS genetic linkage map was constructed using the RIL
187  population (Figure 2). The genetic linkage map indicated that the SSR markers that
188  could detect the sequence elimination are concentrated at the end of 1AS. We also
189  found that the junction of the sequence elimination chromosome and the normal
190 chromosome is located between SSR110 and SSR283; the genetic distance between
191  these two markers is 0.98 cM.

192  The origin of the chromosome segment with sequence elimination

193 We carried out further studies to determine the origin of the chromosome
194  segment with sequence elimination. Theoretically, it may originate from Pubing3504,
195  from Jing4839, or both. First, we developed dominant SNP markers for Pubing3504
196  using AS-PCR technology. Ten pairs of SNP markers (SNP5, SNP11, SNP26, SNP32,
197  SNP35, SNP45, SNP48, SNP51, SNP54, and SNP61) were assessed and added to the
198  chromosome segment of sequence elimination in the genetic linkage map (Figure 2,
199  Table 3). Sequence elimination did not affect the genetic mapping of these SNP
200 markers. The Jing4839 genotype and sequence elimination both presented as a
201  missing genotype when using these SNP markers to detect RILs. The results with

11


https://doi.org/10.1101/067504
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/067504; this version posted August 3, 2016. 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-NC-ND 4.0 International license.

202 SNPS5 are shown in Figure 1B as an example.

203 We then developed ten pairs of dominant SNP markers for Jing4839 using
204  AS-PCR technology. They are SNP_174, SNP_035, SNP_054, SNP_009, SNP_095,
205 SNP_097, SNP_102, SNP_120, SNP_069, and SNP_024 (Table 4). These SNP loci
206  were derived from the coding sequences on 1AS. The Pubing3504 genotype and
207  sequence elimination both presented as a missing genotype when using these SNP
208  markers to assess the RIL population. The results with SNP_174 are shown in Figure
209 1C as an example. However, because so many of the RILs presented as missing
210  genotype, these markers could not be mapped to the genetic linkage map. Therefore, it
211 is reasonable to consider Jing4839 and sequence elimination as the same genotype to
212 construct the genetic linkage map. Judging from these results, the chromosome
213 segment with sequence elimination originated from Jing4839.

214  Region selectivity of sequence elimination

215 This study found that the sequence elimination frequently occurred at an SSR
216  locus. To study the sequence elimination of SNP loci, we designed ten pairs of
217 primers to amplify the sequence flanking these SNP sites (Table 5). Three pairs of
218  these primers (SNP_SE1, SNP_SE4, and SNP_SE7) could be used to detect sequence
219  elimination. These primers effectively amplified genomic DNA of the parental and
220  offspring lines with no sequence elimination, and offspring lines with sequence
221 elimination were indicated as genotype missing. The results with SNP_SE4 are shown
222 in Figure 1D as an example. These diagnostic primers indicated that sequence
223 elimination occurred in 76 lines of the RIL population. These 76 lines were used in

12
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224  the following studies.

225 We further studied the sequence elimination on gene loci. RNA-sequencing was
226 used in the two parents and a sequence elimination line from RILs. The results
227  showed that some genes in 1AS were expressed in both parental transcriptomes, but
228  were not expressed in the sequence elimination line. Ten gene loci with sequence
229  elimination are shown in Table 4. These gene sequences have SNPs in common
230  between the parents. We developed Jing4839 dominant SNP markers using these gene
231  sequences. These markers were used to detect gene loci in the 76 RIL lines with
232 sequence elimination, and we found that some gene sequences were eliminated from
233  1AS. Thus, sequence elimination can affect gene coding sequences in the genome and
234 hence may alter gene expression.

235  Genetic characteristics of the chromosome segment with sequence elimination
236 We examined the reorganization in the 336 lines of the RIL population using
237  markers in the chromosome segment with sequence elimination. This chromosome
238 segment in the genetic linkage map contains 14 pairs of SSR markers and 10 pairs of
239  SNP markers (Figure 2). Recombination in the chromosome segment occurred in 60
240  lines, and recombination did not occur in 276 lines. We found that 184 of the 276
241 chromosome segments were from Pubing3504, 16 were from Jing4839, and 76 were
242  from sequence elimination. Recombination only occurred between the homologous
243 chromosomes of Pubing3504 and Jing4839 in the 60 RILs.

244 Finally, we established a genetic model to illustrate the sequence elimination that
245  occurred in hybrid offspring of Pubing3504 and Jing4839 (Figure 3). F1 was obtained

13
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246 by Pubing3504 and Jing4839 hybridization. After F1 selfing, a new chromosome
247  segment with sequence elimination was generated. The three chromosome segments
248  could form six possible chromosome combinations. The combination of Pubing3504
249 and Jing4839 could undergo normal homologous recombination; however, the
250 chromosome with sequence elimination could not wundergo homologous
251  recombination with either of the parentally derived chromosome segments.

252 DISCUSSION

253  Characteristics of sequence elimination

254 Allopolyploidization causes rapid changes in the wheat genome, which improves
255  the speed of evolution. These rapid changes include non-random sequence elimination
256 in coding and non-coding DNA sequences, epigenetic changes in coding and
257  non-coding DNA sequences, and changes in the activity of transposable elements
258  affecting the expression of adjacent genes (Feldman and Levy 2005; Feldman and
259  Levy 2009; Feldman and Levy 2012).

260 Sequence elimination is a major genomic change resulting from
261  allopolyploidization. Eliminated sequences include both repeat and low-copy DNA
262  sequences (Han et al. 2005; Guo and Han 2014). In the wheat genome, more than 80%
263  of the DNA sequence is repeat sequence (Gustafson et al. 2007; Wicker et al. 2011).
264  Because of this, sequence elimination can cause a reduction in the amount of genomic
265 DNA. Some studies have shown that the amount of genomic DNA in common wheat
266 and synthetic hexaploid wheat is less than the total amount of the parents (Ozkan et al.
267  2003; Gustafson et al. 2008; Eilam et al. 2010). Low-copy sequences in the wheat

14
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268  genome can be divided into genome-specific sequences found only in the A, B, or D
269  genome and chromosome-specific sequences, for example, only in the 1A, 1B, and
270 1D chromosomes. Some studies found that some chromosome-specific sequences are
271 eliminated from a genome or two genomes in common wheat and synthetic hexaploid
272 wheat compared with their diploid progenitors (Feldman et al. 1997; Liu et al. 1998B;
273 Ozkan et al. 2001).

274 In this study, we found that sequence elimination occurred in the hybrid offspring
275  of Pubing3504 and Jing4839. We observed sequence elimination, all occurring at the
276  end of 1AS. The eliminated sequences we found are low-copy sequences in the
277 genome. These sequences are both A genome-specific sequences and 1A
278  chromosome-specific sequences, which are commonly used for marker development
279  to construct the genetic linkage map. We observed sequence elimination in both SSR
280 loci and SNP loci. At these loci, there are base differences between Pubing3504 and
281 Jing4839. Thus, base differences between the parents may trigger the sequence
282  elimination. We also found that sequence elimination occurred in the gene coding
283  sequence. Some gene coding sequences were eliminated from the genome through
284  sequence elimination. These genes could be expressed in the transcriptome of
285  Pubing3504 and Jing4839, but were not expressed in the transcriptome of the line
286  with sequence elimination. Therefore, sequence elimination can affect gene
287  expression.

288 Sequence elimination is asymmetric or preferential to different genomes. In the
289  octoploid triticale genome (AABBDDRR), the wheat genome (AABBDD) is

15
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290  conservative, and the rye genome (RR) has undergone great changes (Ma et al. 2004).
291  Some studies have indicated that sequence elimination tends to be in the larger
292 genome (Schwarzacher et al. 2011). The preference of sequence elimination results in
293  gene expression as a diploid pattern (Le Comber et al. 2010; Qi et al. 2012). In this
294  study, we found that the sequence elimination was also asymmetric.

295 Sequence elimination usually occurs in the early generations after hybridization.
296  Previous studies showed that the sequence elimination may take place in the F1
297  generation after hybridization (Salina et al. 2004). We previously demonstrated
298  sequence elimination in F2 after hybridization between Pubing3504 and Jing4839
299  (Chen 2012). In the F1 generation, the chromosome doubling is not yet complete
300 (Ozkan et al. 2001; Han et al. 2003; Ma and Gustafson 2006). Therefore, the
301 elimination of sequences is not caused by chromosome doubling. Some studies
302  suggest that sequence elimination may be caused by DNA methylation (Han et al.
303 2003; Guo and Han 2014). The reason for the sequence elimination is not yet
304  definitively known.

305  Sequence elimination causes chromosome differentiation

306 The genome of common wheat is composed of seven parts of homologous
307 groups. For example, the first homologous group includes the 1A, 1B, and 1D
308  chromosomes. All chromosomes in a homologous group have a common ancestor, so
309 they have similar gene order and DNA sequences. Although they are homologous
310 chromosomes, they do not pair during meiosis. One reason for this is that a major
311 gene Phl, which is mapped in 5BL, allows homologous chromosome pairing from the

16
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312 same genome (for example between 1A and 1A) and inhibits non-homologous
313  chromosome pairing and homologous chromosome pairing from different genomes
314  (for example between 1A and 1B, between 1A and 1D, or between 1B and 1D) that
315 have evolved in the common wheat genome. So far, the mechanism by which Phl
316  controls homologous chromosome pairing is not clear (Sears 1976).

317 Sequence elimination is another mechanism to inhibit homologous chromosome
318  pairing from different genomes in common wheat, which causes differentiation of
319  homologous chromosomes from different genomes to inhibit chromosome pairing
320  between them (Feldman et al. 1997; Ozkan et al. 2001; Feldman and Levy 2012). In
321 previous studies, 18 newly formed allopolyploids were used to study chromosome
322 pairing in meiosis and seed fertility in S1, S2, and S3 generations; the results show
323  that the number of bivalents in meiosis and the seed fertility increase with the increase
324  of the generation of the allopolyploid. The cytological behavior of the allopolyploid
325 was considered to begin as the diploid in early generations after chromosome
326 differentiation caused by sequence elimination (Gustafson et al. 2009). In our research,
327 we used high-density molecular markers to detect the chromosome segment with
328 sequence elimination in RILs, and we found that there was no homologous
329  recombination in this chromosome segment. We think that the sequence elimination
330 caused the differentiation of chromosomes, and the chromosome differentiation
331  affected the homologous pairing at this chromosome segment in meiosis, which
332  further affected the occurrence of homologous recombination at this chromosome
333 segment.
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339 Table 1. The detection result of the RIL population using 120 pairs of SSR markers in GrainGenes 2.0

Number of Pubing3504 Number of J4839 Number of missing

Maerker name Chromosome X?value
genotypes genotypes genotypes

Xwme24 1A 227 33 76 144. 94
Xbarc263 1A 223 37 76 131. 22
Xpsp2999 1A 225 35 76 136. 99
Xewn7b 1A 224 36 76 132. 14
Xefa2lb3 1A 226 34 76 141.78
Xbarcl05 7D 176 159 1 0.76
Xbarcll7 5A 175 161 0 0.58
Xbarci2 3A 161 175 0 0.58
Xbarci21 TA\TD 171 163 2 0.30
Xbarcl42 5B 184 152 0 3.05
Xbarci47 3B 177 159 0 0.96
Xbarcl76 7B 184 151 1 3.44
Xbarcl77 5D 171 165 0 0.11
Xbarc186 5A 167 169 0 0.01
Xbarc2l 6D 189 147 0 5.25
Xbarc232 5B 175 159 2 0.96
Xbarc252 7D 185 151 0 3.44
Xbarc292 7A 175 161 0 0.58
Xbare310 3A 172 164 0 0.19
Xbare322 5D 168 168 0 0.00
Xbare3220 NA 164 170 2 0.19
Xbarc324 3A 174 162 0 0.43
Xbarc49 TA 181 155 0 2.01
Xbarc50 7B 180 156 0 1.71
Xbarc59 5B 171 162 3 0.43
Xbarc67 3A 180 156 0 1.71
Xbarc68 6B 175 161 0 0.58
Xbarc70 TA 190 146 0 5.76
Xbarc72 7B 175 161 0 0.58
Xbarc75 3B 166 170 0 0.05
Xbarc90 7B 171 165 0 0.11
Xeral6l NA 172 162 2 0.43
Xefa2028 TA\7B 162 174 0 0.43
Xefa2l47 LA\IB\1D 169 167 0 0.01
Xefa2219 1A 170 166 0 0.05
XefaZ256 4A 180 151 5 3.44
XefaZ263 2A 157 179 0 1. 44
Xefd49 6D 161 174 1 0.58
Xerd54 4B\4D 173 163 0 0.30
Xefdss 3D 168 165 3 0.00
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Xefd8 5D 166 170 0 0. 05
Xefds4 4D 172 164 0 0.19
Xegwm122 2A 165 169 2 0.11
Xgwm126 5A 182 154 0 2.33
Xewm132 6B\6D 177 159 0 0. 96
Xgwm140 1B 173 163 0 0. 30
Xgwm149 4B\4D 162 174 0 0.43
Xgwm155 3A 163 173 0 0. 30
Xewm182 5D 179 157 0 1. 44
Xegwm213 5B 183 153 0 2.68
Xewm219 6B 148 188 0 4.76
Xegwm232 1D 157 179 0 1. 44
Xewm251 4B\4D 152 184 0 3. 05
Xewm294 27 157 175 4 1. 44
Xegwm297 7B 174 162 0 0.43
Xgwm3 3D 162 174 0 0.43
Xewm304 5A 175 155 6 2.01
Xewm310 NA 171 165 0 0.11
Xegwm312 27 149 187 0 4. 30
Xegwm333 7B 175 158 3 1.19
Xewm334 6A 159 177 0 0. 96
Xegwm337 IB\1D 153 183 0 2.68
Xewm350 4A 188 148 0 4.76
Xegwm376 3B 163 173 0 0. 30
Xewm389 3B 163 173 0 0. 30
Xgwm397 4A 185 147 4 5.25
Xmag3810 TA 173 163 0 0. 30
Xpsp3000 1B\1D 164 172 0 0.19
Xwme 1 6A 163 173 0 0. 30
Xwme 170 2A 162 174 0 0.43
Xwme 177 2A 184 152 0 3. 05
Xwme 198 2A 160 176 0 0.76
Xwme222 IB\1D 168 168 0 0. 00
Xwmc238 4B 156 180 0 1.71
Xwmc256 6A 160 176 0 0.76
Xwme283 TA 188 148 0 4.76
Xwmc2830 NA 171 165 0 0.11
Xwmc296 2A 166 170 0 0. 05
Xwme326 3B 154 180 2 2.33
Xwme335 7B 172 164 0 0.19
Xwme338 7B 185 149 2 4. 30
Xwme364 7B 174 162 0 0.43
Xwme 3852 2A\2B 181 152 3 3. 05
Xwmc407 2A 173 163 0 0. 30
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Xwme415 5B 155 181 0 2.01
Xwme 44 1B 153 183 0 2.68
Xwme47 4B 175 161 0 0.58
Xwme476 7B 173 163 0 0.30
Xwme 487 6B 160 176 0 0.76
Xwme 494 6B 161 175 0 0.58
Xwme 503 2D 184 152 0 3.05
Xwme 506 7D 180 153 3 2.68
Xwme532 3A 161 175 0 0.58
Xwme533 3B\3D 182 151 3 3.44
Xwme631 3D 158 178 0 1.19
Xwme634 7D 171 165 0 0.11
Xwme651 2A\3A 167 169 0 0.01
Xwmc696 7B 170 166 0 0. 05
Xwme 710 4B 150 186 0 3. 86
Xwme 720 4D 172 164 0 0.19
Xwme 728 1B 170 166 0 0. 05
Xwme 752 5A 185 146 5 5.76
Xwme 758 7B 177 159 0 0. 96
Xwme 765 5D 175 161 0 0. 58
Xwme 766 1B 180 156 0 1.71
Xwme773 6D 172 164 0 0.19
Xwme 783 5B 163 173 0 0. 30
Xwme 93 LA\ID 180 152 4 3. 05
Xgwmd13 1B 173 163 0 0. 30
Xewm425 2A 167 169 0 0.01
Xegwmd37 7D 165 171 0 0.11
Xewm459 6A 162 174 0 0.43
Xewm484 2D 174 162 0 0.43
Xewm493 3B 166 170 0 0. 05
Xewm499 5B 168 168 0 0. 00
Xgwmb2 3D 181 150 5 3.86
Xewmb66 3B 173 163 0 0.30
Xegwmb83 5D 168 168 0 0.00
Xegwm617 5A\6A 153 183 0 2.68
Xwme 710 4B 151 185 0 3.44
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341 Table 2. The co-dominant SSR markers in 1AS developed in this research?

Marker name Left primer sequence (5'-3") Right primer sequence (5'-3") Scaffold number KD number

SSR11 AATGCGTTTGCAGTGTTTTG GCCCGACTTCATATCAAAGG scaffold35243 KD115173
SSKR12 ATTTATGATGTGCTTGGAGCAGT CTTTGTTTTTCACGAAAATGGTC scaffold59118 KD212170
SSKR26 CTTACTTGCATGCCCTACCTTC TGCATGCTAAGCTAGAGAGACG scaffold3016 KD255423
SSK110 CACCCGTTAATTCCGATAAAGA AATGTCCAGCCTTCTCCTACAG scaffold132282 KD052721
SSK113 CATACCCGGGAATTCCTTCT TTCTTCAAGCATGCAAGGTG scaffold19707 KD100855
SSKR114 AAAAATTCTTTCGCCCGACT ATTCTGCACCCTGGGTTATG scaffold5139 KD103520
SSKR115 AACCCATTTCCAGGAAGACA CGGCCTTGATCCTTGTATCT scaffold91171 KD106287
SSKR122 GCTTCCTAGTAGACGAGCCTGAG GAGATTTCCTGAGGCTAACGATT scaffold51260 KD149568
SSKR144 CTCTTCCCCGCTCTTGTGT AGGTGCGTCTTGTGGATCG scaffold4334 KD211995
SSKR156 CTGCGTCTCTCCTCCTATTGTC CGAGAACAAGATGTGGGTAGTG scaffold13889 KD028551
SSKR263 CTGTTCTCGCTTTTGCTTTACAT TTTTGAAGAGTGTTTTTGTGTGTG scaffold36257 KD024925
SSR283 GGGTTGCAATAGTTGCTTCAA CACGCACACTCTCTCCCTTAC scaffold86180 KD152767
SSR365 CGGGGTCCTATTTTGGAGA CTCCTTCCTGCCCTTAGCA scaffold69185 KD033102

342  ?These markers were developed using the scaffold sequences of Triticum urartu

343
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344 Table 3. The dominant SNP markers of Pubing3504 in 1AS developed in this research?
Marker name Left primer sequence (5'-3') Right primer sequence (5'-3') SNP name in 90K chip Scaffold number KD number
SNP5 TCAGGCATGCATAAGTACCGA AGTTCAACCGGTGCAGCTAT Excalibur cl11258 1700 scaffold14562 KD046732
SNPI1 TTCGTCTATGATGCAGGATGC TTGACCCAAACAAAGCACAA BobWhite c46501 92 scaffold152900 KD142770
SNP26 AGGTTTTTGCATGGTCCAGTT GGCATTATAGGCCGTCTTGA B500022270 51 scaffold35848 KD274627
SNP32 GTCACATTCATATGGCAAACC CTGCCTTTCAACCTCTTTGG Excalibur c20777 315 scaffoldb52299 KD115293
SNP35 GCAGTGTTGACAACTAGGGCA GCCAATTCCTGTAGGTCCAA BS00074511 51 scaffold227092 KD126126
SNP45 GTAGCCAATGGAATTTGGAGC TAAGGCCCAACAGTTTCCTG wsnp RFL Contig4735 5673999  scaffold10430 KD211942
SNP48 CCCTCATACAGGTTCTCCAAG GAAGGTTGGGGTGAACTTGA tplb0043h23 1346 C167212184 KD498128
SNP51 TGTTGCCGCTAACAAACTAAC TGTCAACAGTGTGCCATGTG wsnp Ex c2868 5293485 scaffold69185 KD033102
SNP54 GCAAACTGATCTGTTCTTGGA ACTGCCTCCTTCTGGTTCTG B500110709 51 scaffold35848 KD274627
SNP61 GAGTTTGCTGGAGAGAATGCC GCCTCACCCTCACTTTCAAC BobWhite c1361 1187 scaffold8519 KD250690

345  ?These markers were developed using the scaffold sequences of Triticum urartu

346
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347 Table 4. The dominant SNP markers of Jing4839 in 1AS developed in this research?
Marker name Left primer sequence (5'-3") Right primer sequence (5'-3") Scaffold number Gene number’ Position®
SNP 174 TCAAGCATCAAGCGTTCCTT GTGCTGGATGAGGGTGAAGT 1AS 3311520 Traes 1AS 972AA6CB4 169086
SNP 035 AGTTTGCTGGAGAGAATGCC CACTACCAGAAGCGTCCTCG 1AS 3313778 Traes_ 1AS_49D585BA6 410323
SNP 054 CAGAACCACTGTCTGCTGGA CCTTCTGCAGTAAACGCCTC 1AS 3271165 Traes 1AS 87B7A8114 1470541
SNP_009 AACTATGAAATGCACCGGCA AACTTGTCGATGTCGATCCC 1AS 3274088 Traes 1AS 097B121E3 1527571
SNP_095 CTGGAGCAGCTGCCATACAA AAGAGGAGAGGTTTGGCTCC 1AS 3287754 Traes 1AS 8BAC45B9A1 3222564
SNP_ 097 CTGGTCACAAACTTCTCCCG TCCACTGGTATTTGAACCGA 1AS 3307156 Traes 1AS 429D67C42 3607350
SNP 102 GAAATGCATGAGCTTCGACA TGCAGAATTAATTGGCAGGA 1AS 2146315 Traes 1AS 4369A7326 4049964
SNP 120 GCATTCTGTCAGCAGCGATT AGCCACAAAGAACCGAGCTA 1AS 3266548 Traes_ 1AS 20FF2F450 4691663
SNP_069 CCGCACCTTTATCTTCTTTG TGTCTTTCTCTCCACTCCGC 1AS 3283727 Traes_1AS_E700FE9D9 5200276
SNP_ 024 ACTAAACTGTAGATGCGCCG TGATGGATAATTCCGATATGCT 1AS 3314952 Traes_1AS_7BFBBDCE6 8325073

348  2These markers were developed using the scaffold sequences of CS. "Gene number is the cDNA

349  number of CS. Position is the position in the assembled genome of CS.
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351 Table 5. Primers used to detect sequence elimination of SNP loci *
Primer name Left primer sequence (5'-3") Right primer sequence (5'-3") SNP loci
SNP_SE1 TTCATAGTGCCCCGTACCTC CTGAGGCATCCAAAGGACAT SNPI1
SNP_SEZ2 ACTGCCTCCTTCTGGTTCTG GATGCCTTCGAAGCTACCAT SNP26
SNP_SE3 CGCTTGTGGTCGGAGATAAG TGCAAAATAGCAGCCATGAG SNP35
SNP_SE4 CCGTCATACCCAGGGATACA TTGGACGGGTACCTATGGTG SNP5
SNP_SES GTGCGAAATACGGAGCTAGG GCTCATGATCAGAAACCCAAA SNP45
SNP_SE6 ACCTCCCCTCTCCGTTAGAA ACATCAGATGCTGGGACCAT SNP48
SNP_SE7 AACAGTGTGCCATGTGTATGC ACAGTGTTGCCGCTAACAAAC SNP51
SNP_SES ACTGCCTCCTTCTGGTTCTG GATGCCTTCGAAGCTACCAT SNP54
SNP_SE9 TTCACTACCAGAAGCGTCCTC GCTTTGAAGCCGAAAGAAGTT SNP61
SNP_SE10 TTGCTAGGTCAAATGCAACAA TCGTTAGCATCACCTCCATTC SNP32

352  ?These markers were developed using the scaffold sequences of Triticum urartu

353
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355 Figure 1. Detection of different markers in parents and RILs.

356 A, PAGE result of the co-dominant SSR marker SSR11. B, PAGE result of the Pubing3504 dominant
357 SNP marker SNP5. C, PAGE result of the Jing4839 dominant SNP marker SNP_174. D, PAGE result
358 of primer SNP_SE4. M is marker lane; lane 1 is Pubing3504; lane 2 is Jingd839. Lanes 3 to 23

359 are RILs. Lanes 5, 6, 8,9, 12, 13, 16, and 21 are sequence elimination lines.

360
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362 Figure 2. Genetic linkage map of 1AS constructed using the RIL population.
363 Sequence elimination occurred in the chromosome segment from SSR110 (boxed) to the end of
364 1AS. This chromosome segment includes 14 pairs of co-dominant SSR markers and 10 pairs of

365 dominant SNP markers of Pubing3504.

366
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368 Figure 3. Genetic model for the sequence elimination examined in this research.

367

369 F1 was obtained by Pubing3504 and Jing4839 hybridization. After F1 selfing, a new chromosome

370 segment with sequence elimination was generated. The chromosome segments from Pubing3504

371 (blue) and Jing4839 (red) and the new chromosome segment with sequence elimination (white)

372 are boxed. These chromosome segments could form six combinations; combinations 1-3 are

373 homozygous, combinations 4—6 are heterozygous. Combination 4 (between Pubing3504 and

374  Jing4839) can undergo normal homologous recombination, but combination 5 (between

375 Pubing3504 and sequence elimination) and combination 6 (between Jing4839 and sequence

376 elimination) cannot.

377
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